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From the Departmeut of Dairy Husbandry, University of Missouri 


COLUJOJIA, JIISSOURI 

D uring the past few years great progress has been made concerning the 
metabolism of the steroid hormones, especially the estrogens, androgens 
and progesterone. It has been shown that these hormones are metabolized 
by a variety of mechanisms in preparation for-' tlieir e:limination. The changes 
effected in the hormones — ^including the conversion to less active or inactive forms, 
and conjugation with glucuronidates or sulfates — are generally believed to occur in 
the liver. 

The problem of the metabolism of thyroxine, on the other hand, has not received 
the study that its importance merits, due primarily to the fact that suitable methods 
for such investigations had not been developed until recently. However, many 
valuable inferences may be drawn from the older literature on iodine metabolism. 

It may i)e said that, in general, the liver is primarily concerned with handling the more comple.x 
(organic) iodine compounds in contrast to the kidney, which is concerned mostly with tiie simpler 
(inorganic) iodine compounds. Gonseciuently, the liver apparently plays an important role in the 
metabolism of the thyroid hormone as well as of the sex hormones. As earU as 1919, Kendall (i) 
injected massive doses of thyroxine intravenously in the dog and found that 43 per cent of the iodine 
so administered was excreted in the bile in 50 hours. . It is not known whether this iodine was in 
the form of thyroxine or of some decomposition product. A year later, however, Blum and Griitzner 
■ (2) showed that the liver has the power to inactivate the thyroid hormone. 

Some of the earlier workers felt that the hormone was totally inactivated by the liver (3-5) . 
However, their observations were based on rather insensitive biological tests. Zawadowsky and 

Received for publication June 3, 1948. 

* Contribution from the Department of Dairj' Husbandr}-, Missouri Agricultural Experiment 
Station, Journal Series No. 1115. 
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Asimoff (6), on the other hand, suggested that the thyroid hormone is exxreted by the liver unchanged. 
Their assay method (axolotl metamorphosis) was somewhat more sensitive, but not enough so as to 
make their observations conclusive. 

Probably the truth of the matter lies somewhere between these two extremes. The work of 
Asimoff and Estrin (7) and Krayer (8) support the idea that thyro.xine is only partially destroyed by 
the liver. Also, several investigators have shown, by chemical fractionation, that about one half to 
two thirds of adihinistered thyroid hormone may be recovered in the bile (9-12). Kellaway el al. 
(13) are of the opinion that the thyroxine inactivating mechanism of the liver depends on the dosage 
of the hormone administered. Only when there is an excess of hormone, they say, is the destructive 
mechanism brought into play; and they stress the opinion that the mechanism is one of destruction 
rather than one of simple excretion. Presumably, on this basis, the amount of destruction would 
also depend on the dosage of the hormone administered. 

Apparently, therefore, when thjToid hormone is administered to an animal, it may be partially 
broken down in the liver and partiallj’’ excreted intact into the bile. As far as is known, no other 
organ or organ system contributes greatly to either the metabolism or excretion of thyroxine. 

The recent work of Gross and Leblond (14), who used thyroxine labelled with radioactive iodine, 
bears out these postulations. In addition, these investigators found that much of the injected dose 
of thyroxine can be found per se in the feces, an observation which had been suggested previously 
(8, 1 5) but had not been emphasized in the literature. 

Some results obtained at this laboratory also indicate that thyroxine is excreted intact in the 
feces by the goat. Since so little has been said on this subject in the literature, it seemed worthwhile 
to report our results at this time. 

It was thought that the presence of thyroxine (or of some thyroidally active compound, at least) 
in the urine and/or feces could be detected by incorporating these excreta in chick rations simultane- 
ously with thiouracil. The thiouracil, of course, would cause thyroid hypertrophy in the chick, due 
to the prevention of thyroxine synthesis and the consequent increase in thyrotrophic hormone secre- 
tion. It follows, therefore, that a material reduction of such hypertrophy would indicate the presence 
of a thyroidally active substance. An experiment was set up on this general hypothesis. 

PROCEDtTRE 

The urine and feces of 2 female, lactating goats were collected for five days. 
The urine was added to 10 kilos of poultrj'' ration and the whole mixture dried in an 
oven at 45°C. The feces were dried at the same temperature, then ground and mixed 
in the feed at a level of 20 per cent b}'' weight. 

Tlie goats were then injected subcutaneously with 10 mg. of D,L-thyroxine daily 
for a period of 10 days. This thyroxine was dissolved in N/io sodium hydroxide and, 
therefore, was administered as the disodium salt. 

Tlie urine and feces were collected during the first five days of injections and 
were dried and mixed in the feed as described above. The same procedure was 
followed during the second five days of injections. Thiouracil- was added to each 
of these feeds at a level of o.i per cent by weight. 

Eight groups of day-old White Rock chicks were used in this assay, each group 
consisting of about 20 chicks. One group received normal feed and served as a con- 
trol. A second group received normal feed containing 0.1 per cent thiouracil. The 
remaining groups received the feeds containing the various samples of urine and 
feces described above (table i). The assay was of three weeks’ duration, starting 
on June 23 and ending on July 14. The chicks were kept in a basement room il- 
luminated by incandescent bulbs and diffuse sunlight. The average daily tempera- 
ture varied from 8o-85°F. 

-We are indebted to Lederlc laboratories. Pearl River, N. Y., for the thiouracil used in this 
experiment. 
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At the end of the experimental period the chicks were killed by ether asphyxia- 
tion, their body weights ascertained and the thyroid glands removed and weighed 
immediately. The sex of each chick also was determined at this time. 

RESULTS 

The results of this experiment seem relatively clear cut. The addition of thioura- 
cil to the normal chick ration, of course, caused marked thyroid enlargement (table 


Table i. Thyroidal Acirv'cry in the feces of goats injected with thyroxine 


GROtIP 

FEED 



MAXES 




FEMALES 

Xo. 

Body 

wt. 

Thyroid 

\vt. 

Thyroid \vt/100 
gm. body \vt. 

Xo. 

Body 

wt. 

Thyroid 
ivt. I 

Thyroid wt/100 
gm. body wt. 





vtg. 


■ 


ms- 

mg. 

I 

1 Control 

9 

148.8 

4-9 


B 

159-3 

7.9 

5 .o± 1.4 

II 

Control -f 0.1% 
thiouracil 

II 

138.6 

42-5 

30.6 ± 10. 8 

1 7 

1 

132.1 

48.7 

1 

36.9 ± 17. i 

III 

1 Control + thiouracil 
+ 14. S I. normal 
goat urine/io kg. 
feed 

9 

1 

1 

121.4 

25.0 

1 28.9 ±12.1 

1 9 

1 

1 

1 

1 123.8 

46.1 

37.6 ± 10.9 

IV 

Control -{- thiouracil ! 
+ 8.4 I. goat 
urine'/io kg. feed 

8 

138.0 

27.5 

i 

1 

19.5 ± S.l 

12 

143-2 

i 

52.0 

35.8 ± 16.3 

V 

Control -t- thiouracil 
+ 10.3 1. goat 
urine-/ 10 kg. feed 

II i 

I 

161.7 

I 48-5 

31.5 ± II. 9 

8 

146.4 

57-0 

39.3 ± 18.3 

j 

VI 

20% normal goat 
feces + tliiouracil 

12 

146,8 

32.2 

21.9 ±13.2: 

7 

143.7 

49-9 

35.0 ± 17.9 

ITI 

20% goat feces* 
thiouracil 

7 

153-7 

37-4 

23.1 ± 10.4 

10 

1 

146.6 

55-0 


VIII 

20% goat feces2 
-f thiouracil 

10 

145-9 

8.2 

5-8 ± 4.9 

8 

i 

165.8 

! 

7-4 

1 

IB 


^ Collected during first s days of injections. - Collected during second s daj’s of injections. 


i). This hypertrophy was completel}' counteracted by the inclusion of goat feces 
collected during the second five days of the injection period. • By feeding this sample 
of feces to thiouracil-treated chicks, the thyroid glands of the chicks were maintained 
at normal weight. 

On the other hand, the feeding of normal goat feces and feces collected during 
the first five days of injections to thiouracil-treated chicks seemed to cause onl}'- a 
slight reduction in thyroid size. Moreover, this decrease is only apparent. Statis- 
tical analysis showed that the thyroids of chicks thus treated were not significantly 
smaller than those of chicks receiving thiouracil alone. The small decrease observed 
might well be accounted for by the fact that the nutritive value of the feed was prob- 
ably lowered by the addition of feces. Also, the chicks ate slightly less of the feed 
containing feces than did the chicks given normal feed. 

Likewise, the inclusion of urine, from either normal or injected goats, did not 
cause a reduction of thyroid hypertrophy except in one group. Group IV, male 
chicks, receiving thiouracil and urine (collected during the first five days of injections) 
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in their feed, had thyroid glands which, under statistical analysis, proved to be sig- 
nificantly smaller than the thyroids of male chicks receiving thiouracil alone. The 
female chicks receiving the same treatment were not likewise affected. Whether 
these results can be repeated remains to be seen. 

DISCUSSION 

Normally, the amount of total iodine excreted in goat feces is small — s Mg- in 24 
hours (16). Assuming all of this iodine to be in the form of thyroxine, the feeding of 
normal goat feces at a level of 20 per cent by weight would be the equivalent of feeding 
1. 5-2.0 X io~® per cent thyroxine. Since it takes about fifty times that amount of 
crystalline D,L-thyroxine in the feed to maintain the thyroid glands of thiouracil- 
treated chicks at a normal weight (17), it is not surprising that we find no thyroidal 
activity in normal goat feces. 

On the other hand, after thyroxine has been administered, even subcutaneously, 
there is an appreciable amount of the hormone passed into the feces. As shown 
above, enough hormone is present in the feces, collected during the second five days 
of injections, to maintain the th3'roids of thiouracil-treated chicks at normal weight 
when the feces comprise 20 per cent of the feed. The same result can be effected by 
feeding the disodium salt of D,L-thyroxine^ at a level of 3.5 X io~® per cent by weight 
(17) . Therefore, it can be calculated that these feces contained approximately the 
equivalent of 0.35 fig. of disodium D,L-thyroxine per gram of dried feces. On this 
basis, the daily excretion would be roughtly 0.075 to o.i mg. of th3Uoxine per goat. 
This amount accounts for only one per cent or less of the daily injected dose. More- 
over, subsequent experiments, although not conclusive, seem to indicate that the 
hormone is excreted at this rate for only a short time after the injections are stopped 
and that hormone excretion probably ceases altogether after a few days. 

Obviously, much of the injected thyroxine remains to be accounted for. Pre- 
sumably it is broken down in the body, probably in the liver for the most part. The 
mechanisms which the liver employs to accomplish this inactivation of th3noxine can 
onty be speculated upon at this time. 

Perhaps, since thyroxine is an amino acid, its inactivation follows the usual path 
of amino acid metabolism; i.e., deamination (probably oxidative), which might or 
might not be followed by a secondary reduction. The end product would then be an 
a-keto acid or, if tlie secondary reduction did take place, an a-hydroxy acid. Some 
credence is lent to this possibility by the observation 'of Foster and Gutman (19) 
that after the administration of massive doses of diiodotyrosine, a compound identi- 
fied as 3 , 5-diiodo-4-hydrox3'phen3d, lactic acid was found in the urine. 

Other possible methods of thyroxine inactivation include; the release of iodine 
from the thyroxine molecule (12, 14) to form the inactive thyronine; the conversion 
of the physiologically active levorotatory isomer to the inactive dextro-isomer (20) ; 
and the breaking of one (or maybe even both) of the thyro.xine rings (21). 

At any rate, the amount of thyroidally active material found in the feces in 
tlicse ex-periments is much smaller than the amounts reported by other workers 
(8, 14). Kra3'er (8), of course, based his findings on the increment in fecal iodine 
after the injection of th3no.xine; so we have no way of knowing, from his work, how 
much biologicall3' active material was actualh'’ e.xcreted. Gross and Leblond (14), 

* Prepared by the method of Haringtori (18). 
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on the otlier hand, used thyroxine labelled with and found that 80 per cent of the 
injected dose of radioactive thyroxine appeared in the feces in 24 hours. About one 
half of this amount was butanol soluble; i.e., was present as thyroxine. This re- 
covered thyroxine, however, was found to be somewhat less active biologically than 
thyroxine prepared by tlie investigators or commercial preparations. They attrib- 
uted tliis fact to either the presence of an inactive iodine compound dissolved in the 
butanol or to a toxic effect of tlie feces extract, which might cause a diminished meta- 
bolic response to thyroxine. It would be interesting to determine how much of the 
thjTOxine is excreted in the d-form (inactive). 

Concerning the mechanism of fecal excretion of thyroxine, there seem to be two 
major possibilities: a) the liver probably excretes some unchanged thyroxine into the 
bile, and hence into the digestive tract (8-12, 14); and h) the intestine may actively 
excrete some thyroxine (15). The former route is doubtless the more important (14). 

It must be remembered, however, that the gastrointestinal tract also absorbs 
thjcroxine. Probably the actual, overall picture is a complicated combination of 
excretion, reabsorption, and metabolism, the extent of each of these processes de- 
pending on various unknown factors. 

SUMMARY 

A study has been conducted on goats to determine whether thyroxine injected 
subcutaneously is excreted in the feces and/or urine in a biologically active form. 
It was found tlrat unmistakable activity appeared in the feces of goats during the 
fifth through the tenth day of a lo-day injection period. Estimations of active 
material in the feces are presented in terms of the amount of disodium thyroxine re- 
quired to evoke an equivalent response. No activity could be detected in normal goat 
feces or urine, in feces collected during the first five days of injections, or in urine 
collected at any time during the injection period. 

Various possible mechanisms of thyroxine inactivation are discussed. 
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INTERRELATION BETWEEN THE LENGTH OF SYSTOLE, 
STROKE VOLUME AND LEFT VENTRICULAR WORK IN 

THE DOG^ 

JOHN W. REMINGTON, W. F. HAMILTON and RAYMOND P. AHLQUIST 

From the Departments of Physiology and Pharmacology, University of 
Georgia School of Medicine ■ 

AUGUSTA, GEORGIA 

I T IS well established that for resting human subjects, the Q-T interval of the 
electrocardiogram varies directly with the length of the cycle (1-4). Hence 
there seems to be a basic relation between the duration of the excitation process, 
and the frequency of pacemaker discharge. During periods of rapid change in cycle 
length, however, the relationship is less exact (4). When the duration of the actual 
ejection period is plotted against cycle length, for normal dog hearts in a wide variety 
of conditions, the correlation between the lengths of systole and cycle is very rough 
indeed (fig. i). Factors other than C5^cle length must play a role in determining the 
length of the ejection period. Thus Wiggers, and Wiggers and Katz (5-7), have 
shown that an increase in filling pressure (right auricular pressure at the end of dias- 
tole) tends to increase the relative duration of systole and that an increased arterial 
pressure and S3Tnpathetic stimulation tend to decrease it. These observations were 
made on the exposed heart whose systolic duration was very much longer than that 
of the heart beating in the closed thorax. It was thouglit advisable, therefore, to 
inquire further into the factors affecting length of systole in the intact dog. 

In a previous publication (8), we have shown that what can be learned from the 
heart lung preparation applies also to the intact animal, namely that an increase in 
arterial pressure serves to decrease the stroke volume and often the external cardiac 
work. Conversely, a fall in arterial pressure produces an increase in stroke volume. 
It was also confirmed for the intact animal that, within the limits set by the peri- 
cardium, a rise in venous pressure increases both stroke volume and external work. 
In the absence of sympathomimetic myocardial stimulation, which shortens the 
duration of systole, the data of Wiggers (5-7) would suggest, therefore, a possible 
parallelism between the length of systole, the stroke volume and external ventricular 
work. 

As a first step in the delineation of the factors causing a change in length of 
systole in the intact animal, statistical analyses were made of values derived from 
some 800 dog aortic pressure pulse contours, taken from a number of animals, and 
chosen to represent a rather wide variety of experimental conditions. The lengths 
of systole were measured as the time from abrupt pressure rise to the incisural notch. 
These reference points were taken for convenience only. The length of systole so 

Received for publicalion July i, 1948. 

' This research was supported by a grant from the Life Insurance Medical Research Fund, and 
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July ip4S 


CARDIAC SYSTOLE AND CY'CLE RELATIONS 


7 


recorded is, of course, not an index to the duration of muscle contraction, for the iso- 
metric contraction period is not included. Neither does it coincide with the ejection 
period, for outflow from the ventricle may cease before the incisura. \\Tiile this 
time difference is not necessarily constant, it is small so that, roughly, the length of 
systole as measured will reflect changes in the duration of ejection. 

The length of systole values (Ts) were plotted against the respective cycle 
lengths (fig. I A). The points are widely scattered about a curved line that was 
plotted from average Ts values within cycle length groups. This curve is not fitted, 
over its whole length, by exponential equations similar to those used to relate the 
length of electrical systole to cycle length (i, 4). The correlation coefficient for the 
data of figure i A is only 0.62. The curved relation renders most questionable the 
significance of this figure. The correlation coefficient with the square root of cycle 
length, or mth the reciprocal of cycle length, i.e., pulse rate, is higher (r = 0.75; 0.77). 



Fig. I A. Relation bet\\'een lengths of systole and cycle lengths of dog pulses. iB. 
Relation between lengths of systole and stroke volumes for the same series of pressure pulses. Dot- 
ted lines represent 25 per cent deviation from the average curve. iC. Relation between lengths of 
systole and work of the left ventricle. 

The scatter of the points is greater than that recorded for electrical systole. 
This is partly because heart rate changes are greater and physiological conditions 
more variable in the present series. Moreover, electrical criteria measure only the 
■ duration of the process of excitation of the myocardium. The length of mechanical 
s3’’stole, while it has a similar trend to that of Q-T, is modified by conditions imposed 
upon the heart as it attempts to eject blood against a variable level of aortic pressure 

(5-7)- 

In other words, under certain conditions there is an even greater shortening of 
mechanical sj’^stole than a cardio-acceleration will account for. Also, when the heart 
is slowed, the length of s3'stole may remain the same or lengthen with the cycle 
length. As a measure of tlfis dispersion, we have taken the average curve of figure 
I A as the comparison standard (table i) and divided the actual length of a particular 
systole by the value expected from the length of the cycle, expressing the quotient 
as a.percentage (Ts/Tse X ico). This figure will express the effect of mechanical 
variables upon Ts, discounting in advance the effect of heart rate changes. 

It should be emphasized that the figure for Ts/Tsg is of significance only as it 
changes. It represents the relation of an actual Ts to an average at that particular 
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heart rate. This average is derived from pulses from different physiological states 
and is weighted heavily by pulses from partly deteriorated animals. In 43 newly 
anesthetized animals, Ts/Tsc averaged 113 with a standard deviation of 10. As the 
animal deteriorates during an experiment, this value falls progressively to loo, or 
below. Likewise, an animal in shock shows low values (ii). 

The observation of Wiggers that increased aortic pressure decreased the duration 
of systole justifies inquiry as to whether blood pressure is itself one of the factors 
which produced trends away from the average in figure i A. The correlation between 
Ts and the height of systolic and diastolic pressure levels was found to be 0.28 and 
0.36 respectively. It would seem, therefore, that the effect of pressure level on 
systole length was not a primary relation. On the other hand, the correlation be- 
tween Ts and stroke index of these dogs, either as calculated from the pulse contour 
(9) or as obtained b}'^ the dye injection technique (10), is quite high (r = 0.82). The 
relation of the individual measurements is shown in figure i B. The scatter is not 
large, and the stroke index can be predicted from Ts with an average error of 25 per 
cent. 


Tablf, 1. Avj;rage relation between lenqtii of cycle and length of systole 


LENGTH or 
CYCLE 

LEKGTU or 
SYSTOLF, 

(Tsc) 

LENGTH OF 
CYCLE 

LENGTH OF 
SYSTOLE 

<Tsc) 

nr LENGTH OF 

CYCLE ' 

CYCLE. 1 

j 

LENGTH OP 
CYCLE 

length of 

SYSTOLE 

(TSo) 

msec. 

ynscc. 

msec. 

msec. 

msec. 1 msec. 

msec. 

mscie. 

250 

CO 

500 

1.34 

750 ’ 155 

1200 

16S 

300 

99 

.=>50 

141 

800 157 

1400 

172 

350 

no 

600 

t45 

900 161 

1600 

174 

400 

119 

650 

149 

1000 164 

1800 

17.S 

430 

127 

700 

152 





A similar correlation obtains between Ts and pulse pressure (0.79) and between 
Ts and left ventricular external work (0.86) (fig. i C). The high correlation with 
pulse pressure may be regarded as a corrolary of the high correlation with stroke 
volume. The high correlation with external work may be cither direct or indirect 
through the relation with stroke volume. A case could be presented for either view 
point. For example, if the above series be subdivided into two groups, those with 
high and those with low diastolic pressure values, the correlation between Ts and 
stroke index is essentiall}^ the same for both groups. That, between Ts and work, 
however, is definitely better (r = 0.92) for the high-pressure pulses and definitely 
inferior (r = 0.63) for the low-pressure pulses. 

For an analysis of this difference with pressure levels, we have followed the imme- 
diate changes in stroke volume, work and Ts/Ts„ when cardiodynamics were abruptly 
altered by various experimental procedures. 

From table 2 A-C it is seen that when the abdominal aorta, just below the dia- 
phragm, was occluded the stroke volume, work and Ts were at first reduced. As the 
occlusion yjersisted all three might return toward the initial level. With marked 
cardiac slowing, the work and Ts/Tse might exceed the initial value (2 C). In other 
cases, all quantities might remain low throughout the occlusion (2 B). 
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From the average stroke volume and Ts relation (fig. i B), one can predict the 
stroke volume which should correspond to each Ts value. From such values (table 
2), it is apparent that, when the heart is faced with a high aortic resistance, the stroke 
volume is curtailed to a much greater degree than is Ts. Not only did Ts/Tse decline 
less than stroke volume or work but also the change was of briefer duration, so that 
Ts/Tse might return to the initial value while the other measures were still reduced 
(table 2 A). 

A number of constrictor drugs which, in our hands, have had a minimal effect 
upon the heart gave similar changes in Ts, work and output. As the pressure first 
rose after the injection of angiotonin^ (table 2 D) or Privine (table 2 E), the stroke 
volume and work were reduced and Ts/Tse was shortened slightly. Later the work 
returned toward normal and Ts/Tso lengthened, even though there had been no 
increase in stroke volume. After Neosynephrine (table 2 F) neither work nor Ts/Tse 
decreased, even though the pressure was increased and the stroke volume decreased. 

In all these experiments in which the heart was suddenly faced with an increased 
aortic resistance to ejection, Ts, stroke volume and work were immediately curtailed. 
After this initial transient change, Ts returned to the expected value and then varied 
with cycle length but not with stroke volume or work. 

Another group of sympathomimetic drugs which bring about their pressor effects 
by increasing the cardiac output allow a definite increase in Ts/Tso. Thus Priscol 
(table 2 G) and ephedrine (table 2 H) produced a decided increase in work per beat 
and in Ts/Tsc. In some cases there was a moderate increase in stroke volume as well. 
In all these cases, the changes in Ts/Tso paralleled those of work more than those of 
stroke volume. 

When the aortic pressure was suddenly reduced, the work might or might not be 
increased as the stroke volume was increased. For example, when an aortic occlu- 
sion was released (table 3 A), or when a shunt between the abdominal aorta and vena 
cava was opened (table 3 B), both stroke volume and Ts/Tse were abruptly increased. 
Work changes were rather variable, depending upon the pressure levels. In the first 
case, for example, the work was also momentarily increased; in the second, it was not. 
The limitation of cardiac ejection with a low aortic pressure depends primarily on the 
adequacy of venous filling rather than aortic resistance and the ventricle can easily 
eject its whole possible stroke volume. The presence of a reactive hyperemia in the 
peripheral beds, for example, allows less of an increase in Ts than does the opening 
of an A-V shunt or the injection of acetylcholine. The fact that the external work 
may not numerically reflect the increased ejectipn, and hence be no criterion to Ts/ 
Tse, need not be surprising. 

With extremely long cycle lengths, as during the stimulation of the peripheral 
end of the vagus (3 C), Ts might remain relatively independent of cycle length, and 
Ts/Tse thereby be reduced. Ts itself was lengthened as the stroke volume increased 
and in about the ratio expected from figure i B. Both values reached the maximum 
available for this animal under the existing conditions and, beyond a certain level, a 

^ We are indebted to Dr. F. F. Yonkman for the priscol and Privine, to Dr. A. M. Lands for the 
Neosynephrine and the N-isopropyl arterenol, and to Dr. O. M. Helmer for the angiotonin used in 
ths study. 
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Table 2 


TIME 

BLOOD PEESSDEE | 

STKOKE 

IND 2 X 

WORK 

LENGTH OF 
SYSTOLE 

LENGTH OF 
CYCLE 

Ts/Tso 

EXPECTED* 

STROKE 

INDEX 

A — Aorlic occlusion, after alropinization 

sec. 

vim. Ilg 

CC. 

gm. M. 

msec. 

msec. 

% 

CC. 

0 

126/ 93 

18 

30 

120 

400 

lOI 

IS 

3 

186/154 

5 

14 

no 

400 

93 

13 

5 

196/162 

6 

15 

IIS 

400 

96 

14 

10 

195/160 

6 

IS 

117 

400 

97 

14 


B — A or lie occlusion 


0 

102 / 77 

21 

26 

140 

390 

120 

22 

3 

200/156 

4 

lo 

I 2 S 

390 

107 

17 

s 

210/163 

8 

20 

140 

420 

IIS 

22 

10 

210/158 

9 

20 

150 

Sio 

II2 

24 


C — Aorlic occlusion 


0 

140/118 

18 

33 

140 

600 

97 

22 

2 

170/140 

IS 

27 

130 

580 

90 

18 

s 

264/160 

16 

SO 

180 

800 

IIS 

37 

10 

240/160 

12 

38 

160 

800 

103 

28 


D — Angiotonin, 10 units 


0 


14 

19 

125 

WM 

113 

2 S 

s 

140/126 

II 

17 

IIS 


104 

24 

10 

148/134 

10 

20 

120 

340 

III 

32 

IS 


II 

20 

127 

340 

117 

27 


E — Privine, .02 mg/kg. B.W. 


■■ 


13 

22 

90 

MM 

100 

8 



7 

13 

86 

KH 

90 

7 

Hi 

HB 

8 

16 

95 

HI 

los 

9 


F — Neosymphrinc, .02 mg/kg. B.W. 


0 

140/116 

13 

17 

1 

130 

440 

104 

18 

10 

176/148 

10 

17 

140 1 

480 

109 j 

21 


G — Priscol, 10 mg/kg. B.W . 


0 


13 

28 

150 

580 

104 

10 


15 

35 

160 

600 

no 

30 


BH 

38 

165 

620 

113 

50 



42 

170 

620 

116 


n — Eplicdrinc, 5 mg/kg. B.W. 


0 

i 130/104 

1 16 

25 

90 I 

! 2S0 

95 

9 

5 

140/116 

15 

27 

90 ; 

270 

100 

9 

10 

156/120 

16 

32 

roo j 

240 

120 

10 

IS 

158/122 


32 

no ! 

i 

280 

T14 

13 


'■ Stroke index cxiicctcd from length of systole (fig. i B). 
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further increase in diastolic time did not produce an appreciable increase in either 
factor. 

When low arterial pressure was produced by acetylcholine injection (3 D, E), 
Ts tended to increase as the stroke volume increased, while the work changes were 


TIME 


Table 3 


BLOOD PRESSUKE 

STROKE 

I^rDEX 

WORK 

LEKGTH or 
SYSTOLE 

LENGTH OF 
CYCLE 

Ts/Ts: 


EXPECTED 

STROKE 

INDEX 


A — Release of aortic occlusion 


sec. 

mm. Ilg 

cc. 

gm. It. 

msec. 

msec. 

% 

cc. 

0 

226/176 

s 

20 

115 

430 

93 

15 

s 

122/106 

33 

43 

130 

420 

107 

18 

10 

110/ 92 

27 

27 

124 

410 

103 

17 

IS 

100/ 84 

25 


120 

400 

loi 1 

16 


B — Abdominal aorta — vena cava shunt 


0 

128/ 92 

24 

22 

170 

n 

120 

1 

1 33 

I 

62/ 40 

40 

16 

190 


135 

42 

0 

82/ 28 

42 

14 

198 

560 

141 

1 46 

3 i 

86/ 36 

48 

1 

200 

570 

1 

141 

1 


C 

' — Stimulation of peripheral end of vagus nerve 



0 

70/ 48 

11 

9 

82 

250 

98 

! 6 

5 

75/ 20 

29 

30 

138 

1250 

82 

21 

10 

92/ 30 

36 

33 

140 

1750 

80 

21 

15 i 

82/ 38 

29 

25 

130 

1250 

77 

18 

D — Acetylcholine, .004 mg! kg. B.W. 

0 

j 120/ 95 

! 

1 21 

i 30 

125 

340 

116 

17 

2 

100/ 70 

j 23 

j 26 

120 

320 

117 

16 

5 

90/ 58 

j 27 

j 29 

130 

290 

136 

18 

1 

E — Acetylcholine, .02 nxglkg. B.W. 

0 

105/ 80 

20 

I 

i -5 

! 

1 120 

360 

107 

16 

2 

64/ 20 

30 

1 ^7 

1 160 

900 

100 

28 

5 

76/ 28 

33 

! 23 

j 160 

690 

106 j 

28 

8 

00 

00 

26 

! -3 

! 140 

i 

I 290 

142 1 

21 


variable. Just as with vagus stimulation, with ver}’- long cycle lengths, Ts/Tse 
might be reduced. 

As shown by Wiggers (6), S3’'mpathetic stimulation of the heart gives rise to an 
abridgement of s3’stole. The stimulation of the S3'mpathetic ners-^es to the heart 
(table 4 A) gave a cardio-acceleration and increased stroke volume and ventricular 
work, but a decreased Ts/Tsc. This effect is directl3' opposed to the Ts/Tso response 
to be expected when the work per beat is increased. Similarly, injected epinephrine 
gave a reduced Ts/Tse (table 4 B). As we have shown (8), the usual response to 
epinephrine in the dog is to reduce the stroke volume and external work, since the 
vasoconstriction outweighs the cardiac stimulation. 
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Table 4 


•miE 

1 

BLOOD PRESSUBE 

! 

STROKE 

nnjEX 

1 

WORK 

LENGTH or 
SYSTOLE 

LENGTH OP 
CYCLE 

Ts/Xsc 

EXPECTED 

STROKE 

INDEX 

A — Stimulation of cardiac nerves 

sec. j 

mm. Ug 

I 

1 cc. 

sm. M . 

msec. 

msec. 

% 1 

CC . 

1 

0 

170/134 

1 

i 15 . 

31 i 

148 

460 

116 

24 

5 

190/ 146 

! 16 

38 ! 

136 

430 

109 ! 

20 

10 

200/ 154 

18 

43 

132 

42s 


19 

20 

198/148 


35 

135 

435 


20 


B — Epinephrine, .005 vigfkg. B.W. 


0 

143/115 

1 20 


120 

400 

lOI 

16 

5 

156/130 

! II 


95 

320 

92 

9 

10 

168/137 

1 10 


108 

600 

75 

i 12 

15 

160/118 


35 

rngm 

800 

96 

24 

25 

132/107 


38 


500 

97 

18 

35 

130/101 


40 

■■ 

400 1 

109 

18 


C — Epinephrine, .002 mg/kg. B.W. 


0 


mm 

50 

170 

! 900 

j 106 

33 


168/108 


50 

120 

i 760 

1 78 

15 

HI 


mBM 

58 

130 

j 660 

88 

18 


D — Epinephrine, .013 mg! kg. B.W. 


0 

133/105 

1 

22 1 

[ 1 

1 36 j 

140 

! 370 

123 

21 

5 

235/180 

'3 I 

I 37 1 

120 

' 350 

109 

15 

10 

300/210 

14 1 

51 1 

140 

i 350 

127 

21 


E — Epinephrine after priscol, .003 vtg/kg. B.W. 


0 

; 180/138 j 

17 

! 39 

148 

! 

1 

1 109 

1 

10 

1 209/145 ' 

17 

; 44 

no 1 

! 490 

i 83 1 

1 ^3 

20 

1 170/115 : 

25 

; 46 

100 1 

380 

j 87 

II 

30 

! 148/104 j 

' » 

27 

1 49 

90 1 

I 400 

i 84 

II 


F — N-isopropyl arlcrenol, .0023 mg/kg. B.W. 


0 

150/100 

' 26 

1 f 

44 1 

140 

1 

1 420 

116 

21 

5 

; 156/ 90 

i 33 

1 55 ( 

no 

350 

100 

13 

10 

1 143/ 70 

1 47 

1 6,5 , 

100 

280 

107 

n 

15 

1 130/ 60 

! 29 

: 37 1 

; i 

90 

' 260 

103 

8 



G — N-isopropyl arlcrenol, 

,0002 

ngikg. B.W. 



0 

165/122 

16 

; » 

: 33 ! 

140 

0 

103 

21 

5 

167/125 

16 

! 33 1 

100 

; 360 

89 

I I 

10 

, 158/118 

' 15 

30 : 

100 

' 350 

91 

I I 

15 

166/123 

16 

33 ; 

no 

' 420 

91 

13 

20 

165/125 

; 16 

1 

33 

130 

! 470 

99 

13 
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Cases where the stroke volume reduction is minimal, or absent, (4 C) still show 
an abridgement of Ts/Tsc- That this shortening is due to a direct action of the drug, 
and not to the mechanical effect of the rise in pressure, was shown by several experi- 
ments. In some cases, the effect upon the blood pressure (and hence upon the stroke 


Fig. 2. Relations between pres- 
sure pulses, derived ejection curves 
and work curves for dog pulses in 
various physiological conditions. A — 
Before {solid) and after {broken), the 
injection of epinephrine. B — Before 
{solid) and after (broken) the opening 
of an aorta-vena cava shunt, at the 
height of the pressure rise following 
the injection of epinephrine. C — 
Before {solid) and after {broken) the 
injection of isopropyl artereriol. D — 
Before {solid) the occlusion of the 
abdominal aorta, during {broken) that 
occlusion, and ■ immediately after 
{dotted) the release of the occlusion. 
E — Before {solid) and after {broken) 
the injection of Priscol. F — Before 
{solid) and after (Jbroken) the injection 
of angiotonin. 


A 8 C 



volume and work output) outlasted that upon systolic length, which might return to 
its pre-injection value even though the stroke volume was still curtailed by the high 
pressure (4 D). When, at the height of the pressure rise, the peripheral resistance 
was suddenly lowered by the opening of a previously established shunt between the 
aorta and vana cava, the length of systole did not increase, although the stroke vol- 
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ume and external work were increased to a great degree. Small doses of epinephrine 
might cause a reduction in Ts/Tsc even when there was no effect upon the blood 
pressure or blood flow (table 4 C). Wflien epinephrine was given after Priscol, a drug 
which blocks the vasoconstrictor action, the length of systole was still reduced (table 
4 E) even during the period in which the stroke volume was increased and the blood 
pressure was falling. 

N-isopropyl arterenol, which possesses the cardiac actions of epinephrine, but is 
a peripheral vasodilator (8, 12) wiU, in minimal doses, give a reduction in the length 
of systole, a cardio-acceleration, and no change in blood pressure or stroke volume 
(table 4 G). In larger doses, it curtailed Ts/Tse in spite of an increase in stroke 
volume and ventricle work (table 4 F). 

Hence the reduction in Ts seen after cardiac nerve stimulation, or use of 
epinephrine-like compounds, is due to a direct action on the time course of contraction 
and is not to be attributed to the influence of mechanical factors upon the. perform- 
ance of the ventricle. This is shown graphically by the cardiac ejection curves which 
can be constructed from the aortic pressure pulses (13). For example, in figure 2 A 
are given representative pulse contours taken before and during the first part of the 
response to epinephrine, with their derived ejection curves, and also the curves de- 
picting the work done during the course of systole (14). The changes are quite 
similar to those obtained by Wiggers with a cardiometer when epinephrine was given 
(6). After the drug, the time course of ejection was altered, so that the maximum 
output came earlier in systole, and both ejection and external work fell off rapidly 
during the last two thirds of the ejection period. The myocardial stimulation is hence 
revealed in a more forceful initial contraction, but a contraction which can be but 
poorly sustained. 

That the changes pictured cannot be attributed simply to the reduced stroke 
volume and external work is evident from figure 2 B and C. In figure 2 B a pre- 
viously estabilished A-V shunt was opened at the height of the pressure rise after the 
injection of epinephrine. As the pressure was suddenly lowered, stroke volume and 
work were increased, but the contour of the work curve showed but minor variation. 
In figure 2 C, N-isopropyl arterenol was used to produce the cardiac stimulation. 
Both stroke volume and cardiac work were enchanced. Despite this, the maximal 
ejection rate and work production were reached earlier in systole alter its use, and, 
like the response to epinephrine, both work and ejection were but poorly sustained 
toward the end of systole. 

On the isolated heart, the actions of these two drugs are identical. In the intact 
dog, N-isoprop}! arterenol, being a peripheral dilator instead of constrictor, always 
increases the stroke volume. Epineplirine, because of its intense peripheral con- 
striction, usually leads to a decreased stroke volume in the dog. 

Work contour changes v/hich follow a rise in aortic pressure do not show the 
above changes. After the application of an aortic occlusion (fig. 2 D), or the injec- 
tion of angiotonin (fig. 2 F), there was a broadening of the work curve, with the peak 
falling later in systole. Changes which followed the release of an aortic occlusion 
(fig. 2 D), or the injection of Priscol (fig. 2 E), were quite similar. In these cases, 
the cardiac work was increased rather than decreased, Ts/Tse was lengthened and 
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the ventricle actually worked strongly for almost the whole of the ejection period. 
The pressure pulse contours reflect this change, showing a pressure peak late in sys- 
tole. After epinephrine, the pressure peak is reached in mid- or early systole. 

SUilMARY 

I. Mechanical factors upset a natural relation between length of systole and 
cycle length. Hence length of systole shows good correlation with stroke volume 
and with left ventricle work in the dog. 2. Systole is longer than might be expected 
from cycle length when the arterial pressure is low and venous return to the heart is 
adequate. This increase parallels the increase in stroke volume. Systole is also 
prolonged when the heart is stimulated by ephedrine or Priscol to do more work. 
3. Systole is shorter than might be expected from cycle length, very transiently, 
when there is a sudden increase in aortic resistance to ejection. A more prolonged 
curtailment of systole follows cardiac ner\’^e stimulation, or the injection of epineph- 
rine or related compounds. This change reflects a basic change in the ejection curve. 
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CHOLESTEROL AND CAPILLARY PERMEABILITY^ 

ALENE F. SILVERS 

From the Department of Physiology, University of Illinois 
CHICAGO, ILLINOIS 

M uch past research has ascribed to cholesterol the function of regulating 
cellular permeability (1-4), but these claims were largely inferential, or 
based on evidence from work with single cells or isolated tissues. It was 
our purpose to see if cholesterol has any effect on capillar}’- permeability, as tested in 
a total mammalian animal. 


PROCEDURE 

Changes in capillary permeability were tested by the transfer of intravenously 
injected dye, T-1824, from the blood to the lymph, and also by the disappearance rate 
of the dye from the blood stream. Twenty-four dogs were used, comprising 10 un- 
treated controls, 4 controls treated with water and 10 experimental animals treated 
with cholesterol. 

All finally underwent the same procedure. The dog, fasted for 20 hours, was 
intravenously anesthetized with nembutal, 30 mg./kg. and the thoracic duct exposed 
and cannulated. The lymph was collected continuously in test tubes and the mean 
time of collection was noted for each test tube. After control specimens of blood and 
l}Tnph were obtained, a measured amount of dye was injected into the exposed femoral 
vein. Lymph specimens were timed at 5, 15, 30, 45, and 60 minutes following dye 
injection. Blood samples from the contralateral femoral vein were taken at 15, 40, 
and 60 minutes after dye injection. 


METHODS 

Treatment of blood and lymph specimens. Blood samples were centrifuged im- 
mediately after withdrawal, the relative amounts of cells and clotted plasma measured 
for hematocrit determination, and serum expressed by pressure. Lymph volumes 
were noted and fluid lymph ex'pressed from the clot. All serum and lymph specimens 
were then treated with alcoholic phosphotungstic acid (5) to remove proteins and 
lipids. The dye content of these samples was determined by a photelometer. Total 
serum cholesterol was determined by the Leiboff modification of the Myers-Wardell 
method (6). 

.■{dmimstration of cholesterol. Cholesterol suspensions were made following- the 
method of Cole, Clarke and Womack (7). In some cases sodium laurylsulphonate 
was used as a wetting agent in order to produce a finer suspension. This proved ir- 

Rcccived for publication May 24, 1948. 

' \ part of the cost of this inv-estigation was borne by the Arthritis Research Project of the 
University of Illinois. 

’ This material was presented in the thesis for the i)artial fulfillment of the requirements for the 
rlveree of Doctor of Philosophy, 1947. 
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ritating to the tissues and was discontinued. . The experimental dogs received 40 to 
60 cc. of suspension of a strength approximately 2.5 gm. per cent, intraperitoneally, 
each day for one week preceding the operation. Sterile precautions were observed. 

Adminislralion of wafer. Four dogs received the same treatment as the experi- 
mental dogs except that they received a mock ‘suspension’ of water in place of the 
cholesterol suspension. - 


RESULTS 

Cholesterol findings. The control range of serum cholesterol in the untreated 
group was 43 to 196 mg. per cent, in the water-treated group 50 to 102 mg. per cent 
before the administration of water. For the experimental animals before treatment, 
this value was 45 to 148 mg. per cent. The entire group of 21 control determinations 
presented a range of 43 to 196 mg. per cent, with a mean of 95 mg. per cent, and 


Table 1 . Effect of cholesterol on various functions related to capillary permeability 



1 

j CONTROL GROUP 

1 

EXPERIilENTAL GROTTP 

rUKCnON TKSTKD 

No. of 
cases 

Mean 

s.d. 

No. of 
cases ; 

Mean 

Dev. from 
control 
mean 

Dve disappearance rate (%) 

14 

6.6 

1 

4*5 i 

10 

6.2 

-0.4 

Blood vol. (cc/kg.) 

13 

90 

9.1 

10 

85 

- 5-0 

Hematocrit (%) 

14 

44 

6.2 

10 

46 

■Fs ,0 

I.ymph flow (cc/kg.) 

14 

•035 

.023 

9 

.031 

— .004 

Transfer of dye to lymph: 
a. Time of maximum dye cone, in lymph 
(min.) . 

14 

43 

1 

14.8 

ID 

33 

1 

1 

|— 10 

b. Maximum dye cone, in lymph/plasma dye 
cone. (15') 

14 

.414 

.180 

TO 

•433 

+ .019 

c. Total dye in lymph (60') /plasma d3'e cone. 

(15') 

14 

.082 

.072 

10 

.096 

+ •013 


standard deviation of 35.6 mg. per cent. Glusker (8). found a standard de\’iation of 
25 per cent for a series of normal dogs. 

The 4 dogs treated with water evinced essentially no change in serum cholesterol. 
Before and after treatment the percentage change in cholesterol for each animal 
ranged from —2 to -I-9 per cent, the mean percentage change being +2 per cent, 
with a standard deviation of 4.6 per cent. Glusker gave 6 per cent as the standard 
deviation for 4 determinations on single dogs. 

The 10 dogs treated with cholesterol evinced a rise in serum cholesterol in each 
case. The experimental range was 77 to 208 mg. per cent, with a mean of 1 56 mg. per 
cent, exhibiting a difference of -f-61 mg. per cent over the control mean of 95 mg. 
per cent, a difference almost twice as great as the standard deviation. The per- 
centage change in cholesterol level for each case ranged from -1-8 to 4-276 per cent. 
The mean change was 4-76 per cent, to be compared with the mean change of 4-2 
per cent for the water- treated animals. This difference was 16 times as great as 
the standard deviation, so that the rise in serum cholesterol after administration 
of cholesterol was unquestionably significant. 
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Experimenlal findings in regard lo capillary permeahilily. In the case of all the 
functions investigated, the findings were negative. There was no statistically sig- 
nificant difference between the control group of untreated dogs plus water-treated 
dogs and the experimental group of cholesterol- treated dogs in regard to; a) dis- 
appearance rate of the dye from the blood stream, h) blood volume, c) hematocrit, d) 
lymph flow, e) transfer of dye to the lymph, either in regard to time of appearance, 
concentration achieved, or absolute quantities recoyered in the lymph (table i). 

The correlation between individual cholesterol levels and dye disappearance 
rates was low (r —.21). The correlation between individual cholesterol levels and 
dye transfer to the lymph was absent ( r -{-.077). 

DISCUSSION 

The method was found in the following paper (9) to be adequate for detecting 
marked changes in capillary permeability. In this case the experimentally induced 
rise in serum cholesterol, while not drastic, was of an order which might reasonably 
be expected to produce changes, if these were to be found. The consistently negative 
results found in this work, together with the failure of other investigators to find direct 
evidence of a dynamic effect of cholesterol on permeability, seems to lead inexdtably to 
the negative conclusion. 


SUMMARY 

Intra-peritoneal injections of cholesterol suspension raised the plasma cholesterol 
level of dogs. An increased plasma cholesterol level had no effect on capillary per- 
meability, as tested by the disappearance rate of dye from the blood stream and the 
transfer of dye from blood to lymph. In addition, no effect was found in the case of 
blood volume, hematocrit and lymph flow. 
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VITAMIN D AND THE DISAPPEARANCE OF T-1824 FROM THE 

BLOOD» 

ALENE F. SlLV'ERs and C. I. REED 
From the Department of Physiology, University of Illinois 

CHICAGO, ILLINOIS 

M any substances are known to increase the permeability of capillary endo- 
thelium (1-5). Substances which can counteract this process, producing a 
condition of decreased permeability of capillaries to large water-soluble 
molecules, are less well known. Calcium and the adrenal cortical hormones (7-9) are 
of the latter category, and preliminary experiments in this department (10) indicated 
that vitamin D might also be included. Later work was confirmatory’^, both as to 
substance and method, and the final results are reported here. 

METHODS 

Adult male dogs weighing 10 to 20 kg. were'.used. The disappearance rate of the 
dye T-1824 was used as the indicator of capillary permeability. Dye disappearance 
rate was determined by a technique similar to routine determinations of plasma 
volume and was calculated as the percentage difference in dye concentraion between 
15 and 60 minutes after dye injection. 

In acute e.xperiments, where lymph from fasting dogs was analyzed for dye con- 
tent, the collected lymph was allowed to clot, compressed to express the dyed fluid, 
and the specimens then read on a photoelometer exactly as were the serum samples, 
since under these conditions the ^optical densities of serum and lymph were similar. 

■N'ltamin D was administered orally in capsules of 50,000 International Units 
(lu). When liistamine was employ’ed, it was injected intravenously, using 1.5 
mg/kg. of body’- weight. 

Effect of Vitamin D on Capillary Permeahilily 

Procedure and results. Trained unanesthetized dogs were tested in several con" 
trol determinations of dye disappearance rate, plasma volume and hematocrit- 
Vitamin D was then administered, and the determinations were continued for a vary- 
ing period thereafter. The preliminary work had shown that lower or less concen- 
trated doses of the \’itamin had no uniform effect. Doses used had been a) 11,000- 
i6,oQ,0':ij/kg/day for one to four days, and 6) 2500-11,000 lu/kg/day for 40 days. 

Positive results were obtained when a total dose of approximately 100,000 lu/kg. 
was administered over one to seven days. This dose was administered to 18 dogs, 
and repeated one week later in the case of 12 of the animals. The experimental 

Received for publication May 24, 1948. 

1 A part of the cost of this investigation was borne bj’ the Arthritis Research Project of the 
Universitj' of Illinois. 

- This material was presented in the thesis for the partial fulfillment of the requirements for 
the degree of Doctor of Philosophy, 1947. 
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changes described below were detected in the determinations which were made within 
a period of from five to eight days after discontinuing the dosage. Both before and 
after this period, the experimental values approached the control level. 


Table i . Efeect of massive dose of vitamin d 


CASE 

CHANGE IK BODY 
WT. 

CHANGE IN DYE 

disappearance 

RATE 

CHANGE IN 
PLASMA VOL. 

CHANGE IN 
HEXCATOCRir 

CHANGE IN BLOOD 
VOL. 



%■ 

%* 

%' 


4650a 

+5 

-125 

+7 

4-8 

+13 

4848a 

+3 

— 100 

-6 

+7 

-4 

46s6a 

— 2 

— 'iSo 

-4 i 

+7 

+2 

7 

-4 

0 


+ 10 

+5 

3 

-7 

-114 

-f6o 

4-6 

+71 

4848b 

-7 

+50 

~~ 

4-19 

+2 

2a 

-8 

1 -87 

4-22 

+15 

+45 

' 8 

-8 

— 200 

+4 i 

4-11 

+15 

4653a 

-9 

— 67 

“S 

+ 17 

+8 

4634a 

-9 ! 

— 100 

— 21 

+ 13 

— II 

4658b 

— 9 ' 

+33 

-17 ' 

4-16 

0 

ga 

—9 

0 

— 

-f 16 

— 

4659b ; 

— 10 j 

-40 

-fiS 

4-12 

4-28 

4650b 

— II 

"*75 

— 20 

i -I-28 

-3 

4655a 

1 ~ 

-69 

-23 

+14 

— 10 

4734a 

— 11 

1 

-14 

i +15 

t +3 

4 


— 170 

+39 i 

4-16 

+43 

6 

-13 

-743 

+ 23 

4-12 

+35 

4656b 

-13 

-80 

— 16 

! +25 

+4 

4659a 

1 -13 

-50 ! 

-8 

+7 

-4 

4658a 

1 -14 

0 

-3 

4-10 

1 +8 

2b 

i — 16 

1 

-127 

+ 25 

! +33 

+71 

9b 

1 —17 

+115 

-28 1 

+24 

— 16 

4652a 

I -18 

1 -44 

-4 

j -1-21 

+5 

4654b 

1 -18 

: "29 

( 

1 -21 

i -1-22 1 

-4 

4655b 


i —62 

-24 

-I-27 

+7 

4653b 

1 -19 

-67 

1 

+33 

+33 

5 

■ —20 

! 4-218 

; "39 

+ 11 

-34 

4734b 

i -23 

1 ■”37 

j -42 

1 -1-21 

-13 

4652b 

i 

i -28 

1 

i 

+64 

+ 14 

Mean 

I -11.5 

1 -66 

-4 1 

! 4-18 

t 

+ 11 


Single dose of 100,000 ra/kg., ^ollo^Ycd by latent period of one week (approx.). 

' Based on deviation of experimental datum from last control datum. Omitting two extreme 
values. 

It was found that vitamin D administration was followed by a decrease in capil- 
lan' permeability, as measured by the dye test. Table i gives the percentage change 
in the various functions found after the latent period, the experimental datum in each 
case being compared to the last control datum before dosing. Out of a total of 29 
tests of dye disappearance rate, 22, or 76 per cent showed a decrease in the rate at 
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which dye left the blood stream. The mean percentage change in disappearance rate, 
omitting two extreme values, was — 66 per cent. 

There was a rise in the hematocrit value in each of the 30 cases tested (mean in- 
crease was 4-18%). This rise was not solely a passive reflection of plasma loss, as 
may be seen from the fact that the blood volume did not decrease, but rather the 
reverse (mean change in blood volume was -+-ii%). Twenty cases showed a de- 
crease in plasma volume, and 9 cases an increase (mean change was —4%). The 

nG.i 00GN0.2 

WT. 



Fig. 2. Histajune experiment on unanesthetized dog showing effect of plasma loss on plasma 
dye concentration. Correlations calculated according to te.xt. Dj'e injected at o time. 

body weight decreased in 28 out of the 30 cases (mean change was — 11.5%). Figure 
I illustrates the findings on a t5’pical animal. 

In table i the data are arranged by degree of weight loss and it is apparent from 
inspection that the rise in hematocrit is related to the loss in weight (correlation co- 
efficient, r, was found to be — .63) . The change in dye disappearance rate showed no 
correlation with weight loss, however (r ivas —.29). 

Discnssioii. The results indicated that a high dose of vitamin D produced de- 
creased capillary permeability in dogs. This dose also caused anorexia and a de- 
creased water intake on the part of most of the dogs, which was reflected in the loss 
of body weight over the experimental period. The consistent finding of the rise in 
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hematocrit associated with the loss in weight is in accord with the findings of DeBoer 
(ii) on fasting, aquaprivic dogs, and probably indicates a compensatory activity of 
the spleen during a condition of impending dehydration. 

The fact that there was a net decrease in plasma volume in most cases is again 
associated with the tendency to dehydration over the week’s latent period. How- 
ever, in 6 cases there was an exceptionally large increase in plasma volume and 5 of 
these occurred during extremely hot weather. One might postulate that a) the thirst 
mechanism overcame the anorexia in these cases, causing an influx of water into the 
blood from the gastrointestinal tract, and V) the condition of decreased capiUar)’’ 
permeability prevented the simultaneous downward adjustment of this increased 
plasma volume, which would normally take place by the rapid movement of fluid out 
of capillaries in other regions. One might be permitted to speculate on the possible 
application of these findings to clinical conditions where it is desirable to bring about 
a stationary, moderately large blood volume. A large priming dose of vitamin D 
followed by the intravenous administration of nutrient fluids over the several days’ 
latent period might achieve this end. 

Disappearance Rale of T-1824 as an Indicator of Capillary Permeability 

The validity of the method was investigated in two ways; first a study was made 
of the effect of a known capillary poison, histamine, on the dye disappearance rate, 
and, secondly, a quantitative study was made of the transfer of dye from the blood 
to the lymph in order to see if the rate of disappearance from the blood stream is a 
true indicator of the transfer of dye across the capillary barrier into the lymph. 

Effect of histamine on the dye disappearance rale. Histamine was administered 
intravenously during the course of nine experiments. Six of these experiments were 
similar to the routine dye disappearance test and three were acute experiments in- 
vohdng the collection of l3mph, as described in the next section. 

It was found that the disappearance rate was increased several fold by histamine. 
The control values were 6 to ii per cent for the six routine experiments, and 4 to 
6 per cent for the three acute experiments. The disappearance rates found with 
histamine were 18 to 29 per cent for the former, and 12 to 19 per cent for the latter. 
Table 2 shows these data. Figures 2 and 3 illustrate curves of single typical experi- 
ments of the routine and acute Wpes, respectively. 

It should be pointed out that the disappearance rate measured during histamine 
administration, in all likelihood, does not fulty reflect the true state. If we assume 
that histamine brings about a considerable exit of dyed fluid from the blood, as was 
evidenced here by the copious and heavily dyed lymph flow seen in the histamine- 
lymph experiments, then it is apparent that the dj’-e disappearance rate as measured 
could not reflect the full degree of increased leakage. It is possible to make a partial 
correction for this by using the increased hematocrit as an index for the decrease in 
plasma v'olume, and thus to correct the measured dye concentrations by the factor 
bv' which the plasma volume was altered. This procedure, of course, neglects the 
factor of splenic contraction which may contribute to the rise in hematocrit, but 
nevertheless, the resulting ‘corrected’ disappearance rates are probably more ac- 
curate than the uncorrected ones. Table 2 includes the ‘corrected’ rates based on the 
hematocrit values, and these range from 29 to 54 per cent. 
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The entire group of 9 histamine experiments presented a mean value of 20 per 
cent uncorrected, and 40 per cent ‘corrected’ disappearance rates, to be compared 
with the control mean of 7 per cent (s.d. = 2.8%). 


Table 2. Eelect oe histamine on dye disaepeaeance rate 


CASE 


EXPERIMENTAL CONDITIONS 


HEMATOCRIT 

158-603 


DYE DISAPPEAR. 
RATE 


Control Experiments 








% 

% 

15a 


Routine determination, 

no 

anesthesia 

SI-50 

II 

iSb 


If 

If 

ft 

tt 

48-47 

9 

15c 


If 

If 

II 

If 

48-48 

6 

1 6a 


It 

ff 

If 

ff 

49-47 

II 

i6b 


il 

tt 

If 

If 

51-50 

7 

i6c 


If 

II 

If 

If 

50-46 

II 

20 


Acute lymph experiment, anesthesia 

43-45 

5 

21 


If If 

If 


II 

38-41 

4 

22 


If II 

tt 


II 

55-57 

6 

23 


« « 

« 


ft 

51-53 

5 

Mean 

7-5 

S.d.. 







2.8 



Histamine Experiments 





DYE DISAPPEAR. 




RATE 






iSd 

Routine determination, no anesthesia 

52-57 

18 

33 

iSe 

If II If II 

S 3 - 6 o 

18 

38 

isf 

It <( If 11 

53-59 

20 

37 

i 6 d 

If II If If 

50-59 

27 

49 

i 6 e 

If il II If 

52-62 

29 

53 

i 6 f 

ff II If If 

56-68 

23 

54 

17 

Acute lymph experiment, anesthesia 

49-52 

19 

31 

18 

II II If If 

59-63 

16 

29 

19 

if If ff If 

54-63 

12 

38 

Mean 









^ A ^ uncorrected; B = corrected according to text. 


Correlalion of dye disappearance rale with transfer of dye from blood to lymph. 
Ten fasted dogs were anesthetized with sodium barbital, and lymph from the thoracic 
or cervical Ijmiph duct, which drained continuously, was collected for analysis during 
a control period and at two is-minute periods which averaged 15 and 60 minutes 
after dye injection. Routine blood samples were taken simultaneously for determin- 
ing the dye disappearance rate. In three cases histamine was injected during the 
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course of the k-periment, and of the remaining 7 dogs two had received massive doses 
of vita min D four months prior to the acute experiments. 

The control dogs displayed a lymph dye concentration curve which rose very 
slowly over one hour to about one-fifth to one-third of the serum dye concentration. 
Tn the histamine experiments, the lymph became very blue and flowed copiously after 
the drug injection, reaching the plasma level of dye concentration by one hour (fig. 

3 )- 



HISTAMINE 

INJECTION 


X 



DYE DISAPPEARANCE RATE FROM BLOOD STREAM 

Fig. 3. Acute eympji experiment on anesthetized dog showing effect of histamine on transfer 
of dye from blood to lymph. Dye injected at o time. 

Fig. 4, RcUition between dye disappearance rate and transfer of dye from blood to thoracic 
lym])h. 

In order to make a quantitative correlation between dye disappearance from the 
blood and dye transfer to the lymph, it was necessaiy to use some numerical index 
of dye transfer, which would take into account the varying values of original plasma 
dye concentration. The index used was the ratio of the increase in lymph dye con- 
centration between 15 and 60 minutes after dye injection, over the 15-minute plasma 
dye concentration. Ibis ratio was calculated for each of the 10 lymph e.xperiments, 
aufl the resulting figures, termed ‘permeability indices’ are shown in table 3, grouped 
ai'cording to coivlitions of theoretically increasing capillary permeability. The dye 
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disappearance rates obtained simultaneously are also in this table. Two main points 
are brought out by these data, a) The figures for permeability index correspond 
qualitatively with the theoretical conditions of capillary permeability, from the de- 
creasing effect of vitamin D, through the control range, to the increasing effect of 
histamine, b) In the case of the thoracic duct experiments, there is excellent cor- 
relation between the values for d3'’e disappearance rate and the permeability indices 
obtained simultaneously. The correlation coefiicient r, was found to be -f 0.956, 
indicating the validity of the dye disappearance rate test in detecting large differences 
in the conditions of permeability of the \nsceral capillaries. Figure 4 illustrates this 
point. 

Discussion. The method used for testing capillary permeability seemed at first 
to be open to a number of theoretical objections. One was the role of phagoc3dosis 


Table 3. Permeability estdex under v^vrious experimental conditions. 
Correlation with dye disappearance rate 


CASE 

LYMPH TESTED 

\ 

EXPERIilENTAL 

CONDITIONS 

; PLASMA DYE CONCEN- 
j TRATION 

LYilPH DYE CONCEN- 
TRATION 

PERMEA- 

BILITY 

INDEX 

{/?-C) 

A 

DYE DIS- 
APPEAR. 
RATE 

15 ' (/I) 

60 ' (B) 

IS'(C) 

1 

60 ' (D) 



i 

mg 

.% i 

ms - % 


% 

12 

cervical 

Vitamin D 

I . 20 

1 .08 

0.00 

0.00 

.00 

10 

24 

(( 

Control 

I -93 

1-75 

0.00 

0.08 

.04 

9 

13 

j 

thoracic 

Vitamin D 

0.63 

0.64 

0.00 

0.03 

•05 

— 2 

21 

“ 

Control 

4.00 

3.85 

0.07 

0.78 

.18 

4 

22 

a 

a 

1-54 

r-4S 

0.03 

0.34 

.21 

6 

20 

a 


3-30 

3-15 

0.17 

0.94 

•23 

5 

23 

4 < 


0.93 

0.88 

0,09 

0.36 

.29 

5 

19 

“ 

Histamine 

2 . 21 

1-37 

0.15 

1.68 

.69 

38 

18 

ki 


0.91 

0.65 : 

0.12 

0.84 

•79 

29 

17 

it 


1.88 

H 

0 

0.03 

H 

0 

•83 

31 


as an independent variable. That this is of negligible importance is imphed by the 
case of the dog described in the preliminary paper, where a large difference in the 
factor of phagocytosis is an independent variable. That this is of negligible im- 
portance is implied by the case of the dog described in the preliminary paper, where 
a large difference in the factor of phagocytosis (the reticulo-endothelial system was 
blocked) had no effect on the dye disappearance rate. This might be expected on the 
grounds that during the first hour after dye injection, the dye particles are mainly 
concerned with being distributed into the l3nnph. 

Another objection was the effect of a possible contraction of the spleen during the 
course of a determination. However, since the spleen delivers very cell-richi blood, 
this would not greatly affect concentration of plasma constituents, and, furthermore, 
the rise in hematocrit would constitute a check on the test. 

A change in the circulatory conditions of the liver might be expected to affect the 
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dye disappearance rate, and it is probably this factor which causes the considerable 
degree of control variation. These normal variations, however, are not large enough 
to invalidate the method for detecting marked changes in capillary permeability 
such as caused by histamine and vitamin D. 

The strongest argument in favor of the method is the excellent correlation which 
was found between the dye disappearance rate from the blood stream and the meas- 
ured transfer of dye from blood to lymph. It should be pointed out that the con- 
centrations of plasma dye used here were low, and that the situation might be different 
with liigher blood concentrations, a fact which was suggested by later work in which 
the amounts of injected dye were four times as great. 

Naturally, the method would not be valid under extreme conditions, such as 
acute trauma, where the integrity of the vascular system might be so grossly impaired 
as to permit frank hemorrhage or leakage of large amounts of practically whole blood 
into extravascular spaces. Under these conditions, the concentration of any one 
element within the waning vascular pool could remain quite unchanged. 

smnLA.Ry and conclusions 

After a latent period of live to eight days following a highly concentrated dose of 
vitamin D, the following effects were observed in dogs: c) a decreased dye disappear- 
ance rate in 76 per cent of the cases; b) weight loss of approximately 10 per cent, 
caused by lowered intake of food and water; c) an increased hematocrit in 100 per 
cent of the cases. This phenomenon was ascribed to splenic activity accompanying 
the state of dehydration; d) a relatively unchanged plasma and total blood volume. 

The administration of histamine caused the dye to disappear from the blood and 
appear in the l}Tnph at a rate approximately four times greater than the controls. 
The quantitative study of the transfer of dye from blood to lymph over a wide range 
of conditions of capillary permeability, demonstrated an excellent correlation between 
the dye disappearance rate from the blood stream and the appearance of dye in the 
thoracic lymph. 

A highly concentrated dose of vitamin D decreases the disappearance rate of 
T-1824 from the blood stream of dogs, after a latent period of about one week. The 
disappearance rate of the dye T-1824 from the blood stream, for low concentration 
of plasma dye, is a good indicator of the transfer of dye from blood to lymph, and thus, 
inferentially, measures the general state of permeability of the visceral capillaries. 
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SPECTROPHOTOMETRIC MEASUREMENT OF TRACES OF 
THE DYE T-1824 BY EXTRACTION WITH CELLOPHANE 
FROM BOTH BLOOD SERUM AND URINE OF NORMAL 

DOGS* 

THOMAS H. ALLEN and PETER D. ORAHOVATS 

From the Deparlmcnl of Physiology of the College of Physicians and Surgeons, 

Columbia University 

NEW YORK CITY 

D uring the past 60 years a number of diazo dyes of biological interest have 
been synthesized by coupling o-tolidine with sulfonated aminonaphthols 
like i-amino-8-naphthol-2,4-disulfonic acid (i). The latter product, 
briefly called T-1824, has become widely known because of its suitability for estimat- 
ing plasma volume (2-9). 

Several years ago it was shown that T-1824 has marked affinity for serum albu- 
min, much lesser affinities for alpha and beta globulins and no affinity for gamma 
globulin (g) or fibrinogen (5). It is probable that T-1824 in the bloodstream exists 
chiefly in the form of a dye - albumin compound (7, 9). As previously recognized, the 
extraction of T-1824 from a dye- tinged blood sample involves the splitting of dye- 
albumin (10). There is a simple way of liberating dye frbm albumin and this can be 
done by adding a detergent such as Aerosol OT (ii). Dye, thus liberated, also has 
an affinity for cellophane (9, ii). It therefore seemed possible that traces of T-1824 
in various biological fluids could be both extracted and selectively concentrated on 
small foils of cellophane. Then the amount of dye could be estimated colorimetri- 
caUy. 

It is the purpose of this study to indicate the procedures which can be used in the 
quantitative estimation of T-1824 by a method based on these principles. The 
method has been tested by the recovery of known amounts of T-1824 in 0.2 ml. of 
blood serum and in half-hour urine samples. ’ Small, definite quantities of this pro- 
tein-binding dye were found to pass from the blood into the urine of dogs. The 
T-1824 clearance proceeds at the same rate as that predictable for serum albumin, 

GENERAL PROCEDURE 

Two sizes of single thickness foils were cut from Cellophane clialyzer tubing.- A foil, about i 
X 2 cm. or 2 X 3 cm. in area, was suspended on a glass needle in order to hold the foil in a vertical 
position when immersed in fluids contained in a 50 ml. Erlenmeyer flask. The flask was covered with 
an inverted beaker and placed on a steam-coil water bath at 70° to 73°C. Test foils were soaked in 
saline, urine or diluted serum variously tinged with dye. Control foils were soaked in tlie same fluids 
except that dye was absent. The d3’^eing process was stopped at any desired point by transferring 
the foils to 0.9 per cent NaCl. Traces of adhering precipitate, when present, were removed Iw rinsing 
and if necessary by brushing. 


Received for publication June 25, 1948. 

* A preliminary report of this work appeared in Federation Proc. 7: 2, 1948. 

= Purchased through Eiraer and Amend, Inc. and listed as having a thickness of .000732 inches. 
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The optical densit}' of the dyed foil in comparison to its control was determined with a Konig- 
Martens visual spectrophotometer. Both foils were wet with water and pressed between two micro- 
scope slides clipped against a slotted vertical brass plate. A foil, thus prepared, gave identical op- 
tical densities when shifted from place to place before the light beam. Also the readings did not 
change with time. Determinations made on a number of dyed foils showed that the maximum 
optical density occurred at 635 m^ whereas that (4) for dye in serum is at 625 mu and in either 0.9 
per cent NaCl or water at O05 mu- In consequence the optical densities were always compared at 
the wave length of maximum absorption. Since the foils were not of equal area, although apparently 
of identical thickness, it next was necessary to know their dry weights in order to determine the total 
amount of dye present. The small foils ranged from 5.2 to 6.8 mg. and the larger from 14.7 to 18. i 
mg.; they were weighed to the nearest o.i mg. 

Known solutions of T-1824 in a given concentration of NaCl were prepared by diluting a 
standardized ampule solution (0.48 per cent in water) with glass distilled water and the required 
volume of 9.0 per cent NaCl.^ Unless otherwise indicated the dilutions were made so as to give 
final NaCl concentrations of o.g weight per cent. All glassware used was P\Tex, cleaned with 
chromic acid, rinsed, and steamed. 


RESULTS 

Sorpliojj cqtiilihriwn. After 20 hours an equilibrium (fig. i) occurred in the 
sorption of dye by a foil in the presence of 25 ml. of a 1/ 10,000 dilution of the ampuled 
dye. Equilibrium was indicated by the relative constancy of the cellophane value, 
which here is defined as the product of the optical density at djy mix and the weight in mg. 
flf any foil. This dyeing process was quite striking to behold. The blue color of the 
fluid tvas very faint at the beginning, while at the end the foil was blue and the fluid 
was colorless. If all the dye had migrated to the foil, this would mean that more 
than a 5000 fold concentration step occurs in the transfer from the original dispersion 
volume. 

In order to test for completion of sorption the foils were removed after 23 hours 
from three reaction flasks and a new foil was placed in each flask. Twenty-four hours 
later these second cellophane values were less than two per cent of the first ones. 
When for three other reactions the first 18-hour cellophane values were compared with 
their second values, the latter were less than six per cent of the former. These results 
together with those obtained from a 2/ 10,000 dilution, lead to the conclusion that at 
equilibrium at least g8 per cent of the dye combines with the foil. 

Influence of electrolyte and volume on sorption changes. NaCl had a marked effect 
upon the equilibrium position. Sorption was nearly complete in 0.9 to 3.0 per cent 
NaCl, whereas it was incomplete in lesser concentrations of NaCl (fig. i, insert). As 
previously observed (9) there apparently was no sorption from aqueous solutions. 
\\ atcr also removed dye previously sorbed from NaCl solutions. These facts were 
ascertained by the following additional means. A dyed foil with a cellophane value 
of 2.48 together with an undyed foil was placed in 25 ml. of glass distilled water at 
7o°C. Eighteen hours later both foils were colorless and the water had become 
tinged with blue. 

The pn was changed in two separate dilutions of the same amount of dye by 
making each dilution o.oi with respect to either monobasic or dibasic phosphate 
buffer salt. The glass electrode readings corresponded to pir 4.6 and to pit 8.5- 

V .t T-1824 ■'ras funiisfieci by the Warner Institute for Therapeutic Research, Nev 

* f ffr. i 5* V. 
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Triplicate cellophane values from these two solutions were identical with tliose from 
an unbuffered solution of the dye. 

At equilibrium the cellophane values remained unchanged whether the volume 
was 25 ml. or had been increased by the addition of 75 ml. of 0.9 per cent NaCl. 
Therefore, it is concluded that sorption at 7o°C. is relativel}'- uninfluenced by these 
changes in pH or volume, provided the NaCl concentration is at least 0.9 per cent. 

Foil she, cellophane value and amonnl of T-1824. A small foil (5 to 7 mg.) was 
placed in 25 ml. of any one of six different concentrations of T-1S24. After equilib- 
rium time at 7o°C. the cellophane value was estimated. The means for triplicate or 
quadruplicate determinations, thus obtained, are plotted in figure 2. It may be 
seen that in less than 2/ 10,000 dilutions of ampuled dye a direct proportionality was 
found between the amount of dj'^e originally in solution and the cellophane value 



' ‘ > 10'® 

MOLECULES or T -1824 ° 

Fig. I. Sorption of T-1824 uye by cellophane us a function of time from 25 ml. of 1/10,000 
dilution of 0.4S % T-1824 in 0.9 wt. % NaCl. Temperature is 70° to 73°C. Iiiseri: promotion of 
soqition equilibrium by NaCl. Both ordinates express units of cellophane value = optical density 
at 635 mfx X wt. mg. of foil 0.00186 cm thick. 

Fig. 2. Relation betw^een foil area, cellophane value and amount of T-1824. Dilution 
range is o to 5 parts in 10,000 of 0.48 % T-1824 in 0.9 wt. % NaCl. 


developed at equilibrium. Beyond this concentration the direct proportionality 
ceased to exist as indicated by tlie departure from linearity (dotted line, fig. 2), at 
3/ io,oC>o and 5/ 10,000 dilutions and also by the visible retention of dye in the latter 
solution. 

I^Tien larger foils (15 to 18 mg.) were used the cellophane values from 3/10,000, 
4/10,000 and 5/10,000 dilutions of T-1824 returned to the same proportionality ob- 
tained for the small foils in the lower concentrations of dye (solid line, fig. 2.). Evi- 
dently an excess of cellophane must be present in order to demonstrate a simple, 
linear relationship between the amount of 43^0 and the cellophane value. In 25 
determinations the two greatest deviations from proportionality were less than ±8 
per cent. Since unknown variations in dyeing and known variations in instrumenta- 
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tion could account for the observed deviation, it is .concluded that this direct relation- 
ship is an index of the amount of T-1824. 

It is possible to relate the cellophane value of a dyed foil to the number of mole- 
cules of T-1824. If ip these solutions the dye is a monomer, the molecular weight is 
960 (i) and the calculated number of molecules in 25 ml. of a 1/10,000 dilution is 
0,76 X 10^®. Thus, according to the data of figure 2, a cellophane value of i.oo repre- 
sents 0.30 X 10^® molecules of T-1824. 

The above cellophane values for T-1824 were obtained with foils cut from the 
same piece of cellophane. This material was 0.00186 cm. in thickness. For the sake 
of future comparison with foils of a different thickness but identical chemical con- 
stitution, it is necessary to state the molar absorption coefiicient, e, for the dye cello- 



Fig. 3. Effect of Aerosol ot on sorption and recover^^ of T-1824 from dog blood serum and 
urine. A cellophane value of 2.50 corresponds to recovery of the 7.6 X 10'^ molecules or 12.2 ng. of 
T-1824 originally dispersed in the diluted blood serum or urine. A: when o, 0.2 or i.o ml. of blood 
scrum is first mixed with 25 ml. of 1/10,000 dilution of 0.48 % T-1824 in 0.9 wt. % NaCl. B: %vhen 
NaCl is either added or not added to 25 ml. of 1/10,000 dilution of 0.48 per cent T-1824 in urine 
of water diuresis. 

Fig. 4. CoitPARisoN OF CELLOPifANF. V/VLUE with scrum optical density (in 0.5 cm. cuvettes) 
for successive blood samples from 5 dogs. 

phane. This coefficient was calculated from the standard equation, e = D/c.d, 
expressing both dispersion volume and thickness in terms of mass and specific gravity. 
The latter cancels out and the final equation becomes: e = K-DM/N, where J 9 df is 
the cellophane value, N the number of molecules in the solution and K, a constant 
depending on foil thickness and equilibrium position, is 1.99 X 10-®. Fifty-one 
determinations, illustrated in figures i and 2, yield a mean of 66,300 and standard 
error of ±3,700. This coefficient is characteristic of dye • cellophane. It is smaller 
than that of dye -albumin. The molar absorption coefficient of T-1824* in either 
blood plasma or serum is 77,800. This value increases in 0.9 per cent NaCl to 85,200 
and in water to 93,800. 

_ ^ ' The following values for the Fiescr preparation (i, 4) of T-1S24 were calculated from the 
original data (.<,), kindly furnished by M. I. Gregersen. For this and other favors including the 
cnticj.sm of this manuscript the .authors wish to express their gratitude. 
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Liberation of dye from diluted serum by Aerosol OT.° Wien blood serum con- 
taining 5.4 per cent protein (refractometric analysis) was mixed with solutions of 
T-1824, less dye was available for sorption by cellophane. This effect was qualita- 
tively obser\-ed by Rawson (9) and was quantitative!}’- verified at a higher tempera- 
ture in the course of the present study. The values on the ordinate of figure 3a show 
that the addition of 0.2 ml. of serum to 25 ml. of a 1/10,000 dilution of 0.48 per cent 
T-1824 reduced the cellophane value from 2.42 to 0.96 and with i.o ml. of serum the 
value fell to 0.30. Dye was not sorbed from undiluted scrum. 

Aerosol OT altered the foregoing relationship among the components of this dye- 
protein-cellophane system (ii). When sufficient Aerosol OT was added at room 
temperature to either the mixture of dye and serum or to only the serum solution, a 
faint turbidity immediately appeared. Plowever, there was no turbidity in the 
absence of serum. The Aerosol OT evidently freed dye from protein as indicated 
by the upward course of the two serum cur\’-es in figure 3a. \'\ffien 0.9 ml. of the 
Aerosol OT solution was added to the mixture of 25 ml. of T-1824 solution and 0.2 ml. 
of senim, an equilibrium cellophane value of 2.3S was attained. Approximately 
all of the 7.6 X 10^® molecules of T-1824 were therefore combining with the cellophane. 
The data also show that a greater amount of Aerosol OT was needed to free the dye 
from 1.0 ml. of serum. In llie absence of serum (fig. 3a, serum none) there was a 
decrease in sorption of dye with the addition of Aerosol OT. Whether in the latter 
system the Aerosol OT competes for T-i 824 or for cellophane is unknown. However, 
the arrangment of this family of cun’es (fig. 3a) provides a means of testing for pro- 
tein. The rising curve shows the presence, whereas tlie falling curve must indicate 
the absence of dye-binding protein. 

Previous obseix’ations together with those noted above suggest that tliis hbera- 
tion of dye from serum proceeds through complex reaction steps involving several 
features of interest. Reagents, such as trichloracetic acid, precipitate the usual dye- 
tinged serum leaving all of the dye still combined with the insoluble proteins (6). 
This sort of combination has recently been measured in various mixtures of T-1824 
and serum albumin or globulins (12) at pH 2.5. In contrast to the usual protein pre- 
cipitants various synthetic detergents have properties of interest to recovery of T-1824 
from serum proteins. There are many known reactions between various proteins and 
polar-nonpolar anions of different chemical structure containing more than 10 carbon 
atoms. Aerosol OT in sufficient amount was early found to denature beef hemoglo- 
bin (13). Mixtures of horse serum albumin and sodium dodecyl sulfate combine in 
characteristic fashions in relation to pH and temperature (14). It is therefore prob- 
able that Aerosol OT reacts with the serum proteins and in so doing combines with at 
least those groups available for attachment of T-1824, thus freeing dye for sorption on 
cellophane. This competition between Aerosol OT and T-1824 is similar to that 
observed by Klotz in which a number of different organic anions compete with sul- 
fonated anions such as azosulfathiazole for the e-ammonium of lysine in bovine serum 
albumin (15), 

Estimation of dye in blood serum. Dye-tinged serum was obtained from 5 dogs 
none of which had ever received T-1824. A control blood sample was taken. Then 

®Thc dioctyl sodium sulfosuccinate described in Aerosol Wetting Agents, 1946, American 
Cyanamid Co. 
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a measured volume of 0,48 per cent T-1824 solution was injected into a jugular vein. 
After 15 minutes and at intervals during the next four to six hours, dye-tinged blood 
was withdrawn from the opposite jugular vein. A blood sample was also taken on 
the following day. 

Direct spectrophotometric determination of optical density at 624 m/x was made 
on each of these 22 samples using 0.5 cm. cuvettes. One of the samples was so dense 
that it was necessary to make a two-fold dilution with 0,9 per cent NaCl in order to 
measure its optical density. 

Triplicate cellophane determinations were also made on each of the samples. 
To 25 ml. of 0.9 per cent NaCl was added 0.2 ml. of dye-tinged serum and i.o ml. of 
Aerosol OT solution (1.2 per cent in water). After one-half hour at room tempera- 
ture a small foil was added, and the flask was covered and placed at 7o°C. for 24 to 
30 hours. A control foil was similarly exposed to the serum obtained before injection 
of dye. The means for these cellophane values are indicated along the ordinate in 
figure 4. 

Since the reaction between dye -protein and Aerosol OT releases all of the dye 
(fig. 3a), it was not surprising to have found the linear relationship which intersects 
the origin in figure 4. When the serum was deeply tinged with dye, the cellophane 
value from 0.2 ml. was only 1.02 times greater than the serum optical density. With 
serum optical densities between i.o and 0.3, the cellophane value increased to i.io 
times as indicated by the slight upward trend of the ratio curve (fig. 4). Two of the 
24-hour samples, which were less than 0.3 optical densities, gave unusually high 
cellophane values thus causing the ratio to approach 1.7: 1.0 and perhaps marking a 
lower limit where instrumental error makes it difficult to secure accuracy with only 
0.2 ml. of serum. The near identity of the cellophane value and the serum optical 
density occurred only through the chance that the chosen volume of serum contained 
the quantity of dye which gave these cellophane values on foils of this particular 
thickness. For example, doubling either the foil thickness or the volume of dye- 
tinged serum yielded cellophane values which were approximately twice the values 
for directly measured serum optical densities. 

Recovery of T-1824 frovi Jtrme. A solution was prepared by diluting 25 ml. of a 
1/1,000 dilution of 0.48 per cent T-1824 lo 250 ml. with dog urine. The urine had 
been obtained by catheter in the course of a diuresis following the introduction by 
stomach tube of tap water in the amount 80 ml/kg. of body weight. 

The equilibrium cellophane value from 25 ml. of this solution of dye in urine was 
1 - 5 ° (%• 3h) and was never greater than 1,85 when Aerosol OT was added. How- 
e\'cr, the addition of 2.5 ml. of 9 per cent NaCl together with Aerosol OT yielded 
cellophane values as great as 2.60, which represents complete recovery of dye. The 
dyeing process v/as promoted by NaCl but at least 0.3 ml. of 1.2 per cent Aerosol OT 
was also needed for complete sorption. This, together wth the fact that sorption 
did not decrease with more Aerosol OT, showed that there was binding of both T-1824 
and Aerosol OT by urine constituents. 

Lxcrclion of T-1824 urine. A typical experiment was performed using a 

^2.5 kg. dog which had never received any T-1824. Tap water, 0.7 1 ., was introduced 
by stomach tube. A urinary catheter was inserted, and an one-hour urine sample 
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together with the usual 10 ml. of 0.9 per cent NaCl rinse was collected before the 
taking of control blood and the injecting of 6.5 ml. of 0.48 per cent T-1824. During 
the next five hours urine was collected at half-hour periods. Then the animal was 
turned loose. Shortly before the eighth hour 0.3 1 . of water was given and an one 
hour urine sample was obtained. This routine was repeated for the 12th-, 24th-, and 
75th-hour urine samples. Blood samples were taken at different times. The time- 
concentration cur\'^e of T-1824 in the plasma (5) is shown in figure 5. 

To eacli of the urine samples, thus collected, was added one ninth its volume of 
9 per cent NaCl, i.o ml. of 1.2 per cent Aerosol OT and one of the small-size cello- 
phane foils. After 30 hours at 70°C. the foil was removed, and its cellophane value 



Fig. 5. Ratk of excrf.tion’ and serum optical density of T-1824 (in 0.5 cm. cuvettes). 


was estimated from the optical density and weight. The amount of T-1824 in any 
urine sample was found by the correspondence of unit cellophane value to 3.0 X 10’^ 
molecules of T-1824. The hourly rates of e.xcretion are indicated by the lower curv^e, 
which rises for 3I hours and then falls (fig. 5). 

Very little dye was excreted (table i). In the first day only 0.15 per cent of the 
amount injected appeared in the urine. This value fell during the next two days to 
only 0.04 per cent. Most of the dye which disappeared from the blood obviously left 
by routes or mechanisms other than the kidneys (7, 12, 16). Nevertheless, renal 
excretion of dye was related to the plasma concentration. At any moment the 
amount gained by the urine was about 0.2 per cent of the amount lost from the circu- 
lation. Although the plasma concentration decreased to 30 per cent (fig. 5), the 
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renal clearance of T-1824 remained at 1.4 or 1.2 /xl. per minute throughout the first 
day following injection of dye. 

At the concentrations used for estimation of plasma volume, T-r824 has not pre- 
viously been found in urine unless abnormal amounts of protein were also excreted 
(2,7,17). The cellophane test shows that dye is also excreted by the normal kidney 
but in such minute amounts that the visible presence of dye is masked by the usual 
color of urine. Since preliminary qualitative tests on 6 dogs showed that dye was 
excreted following the intravenous injection of T-1824, quantitative studies were 
made on 8 additional dogs, 4 of which had water diuresis. The results show that 
similar renal clearances occurred irrespective of sex, weight or urine flow (table 2). 


Table i. Excretion of T-1824 by the kidney during periodic water diuresis in dog 8 initial 

PLASMA volume IS 6io ML. 


TIMX AFTER INJECTION 

1 

ItOlECULES r -1824 
EXCRETED X 

TERCENTACE OF 
AMOUNT INJECTED 

PERCENTAGE OF 
AMOUNT LOST 

FROM PLASiLV 

RENAL CLEARANCE 

1 

hr. 

1 



1 

1 filjmin . 

o - S - 3-5 

7.0 1 

0.04 

0 

00 

1.4 

3 - 5-24 

21-3 

O.II 

0.24 1 

1.2 

24 -75 

7-9 

0.04 1 

0.18 j 

0.7 


Table 2. Renal cle,\rance of T-1824 in individual dogs .arranged in order of average 

URINE FLOW 


1 

DOG 

\ SEX 

WT. 

xam AFTER 
INJECTION 

URINE FLOW 

CLEARANCE 



hg. 

hr. 

mllmin. 

ftl/min. 

I 

Female | 

10.2 

0 . 5-4-5 

1 0.04 

1-7 

2 ■ 

Female 

9.4 

0 -8 

0.05 

2.0 

.3 

Male 

9.0 

0.5-8 

j 0.08 

1.9 

4 

Male 

10.9 

I -6 

0.09 

1-4 

5 

Female 

ri .0 

0.5-4. 5 

0.9S , 

2.2 

6 

Male 

13-0 

0 -6 

1.03 

2.1 

7 

Male 

10.5 

0 -6.5 

I .04 

1.4 

8 

Male 

12.5 

0 . 5-3 . 5 1 

1-37 

1-4 


Hbber’s studies offer reasons for suspecting that T-1824 is not secreted. Since 
disulfonated dyes with symmetrically distributed sulfonic acid groups are not actively 
transferred from solution in the Ringer-perfused renal portal system of a frog (18), 
it might be inferred that the tetrasulfonated T-1824 dye would have escaped only by 
passive transfer. This inference together with the observed clearances suggests that 
I-1824 passes into capsular fluid in the course of glomerular filtration. After being 
filtered, the amount of T-1824 collected in the urine is independent of variations in 
tubular rcabsorption of water. 

I-1S24 ir' the amounts injected for determination of plasma volume probably is 
present in the blood stream only as dye-albumin (7, 9). Hence, it was decided to 
compare the T-i824 clearance with that for protein calculated from data found by a 
sensitiA-e physical method. 'I'lie clearance of T-1824 and of albumin should be 
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identical. The surface film area technique has recently given evidence for a mean 
concentration of 3.7 mg. per cent of protein in urine of normal human males (19). 
Gunton and Burton do not speculate on the route of protein excretion, but if the urine 
protein of their subjects had been albumin, the plasma albumin 3.5 per cent, and urine 
flow one ml. per minute, then the albumin clearance should be one jul. per minute. 
This clearance is of the same order of magnitude as that for T-1824 in the dog. 

DISCUSSION 

A method has been devised for the extraction and estimation of amounts of 
T-1824 as small as 0.5 ;ng. The dye is sorbed on a cellophane foil and measured with 
a spectrophotometer. The principle of the method could be described as being an 
extension of the Detergency Triangle of McBain (20). The extension to the T-1824 
system may ideally be given by the following equation: 

protein • dye -f soap -f cellophane = protein • soap -f cellophane • dye. 

Although there is a strong afiinit}'- of dye for protein, advantage may be taken of the 
affinity of T-1824 for cellulose in order to extract this dye from blood serum or urine. 
The amount of soap needed for the desired ion exchange was found by mixing various 
amounts of Aerosol OT with protein • dye and testing for sorption of dye on excess 
cellophane. With cellophane foils of identical area and thickness the optical density 
at 635 mix alone was an index of dye sorption. Since it was neither convenient nor 
accurate to cut all of the foils to the same area, the T-1824 was measured by the 
product of the optical density and the dry weight of a foil which was 0.00186 cm. 
thick. This product is called the cellophane value for T-1824 and is proportional to 
the amount of dye present in the original dispersion volume. For example, a cello- 
phane value of i.oo corresponds to 3.0 X 10^® molecules or 4.8 ng. of T-1824. 

Many of the factors which influence the sorption of T-1824 are recognized to be 
of importance to the physical chemistry of dyeing, A surv'^ey of this subject (21) 
lists dyes which are similar in their behavior to that of T-1824. The characteristics 
of various textile dyes have been quantitatively studied by means of their sorption 
on regenerated cellulose films. Diffusion within cellulose itself is believed to be the 
slowest reaction step encountered in the entire dyeing process. Finally, through 
comparison with the d3’’es observed by Valko (21), it could be expected that the ani- 
onic d3'^e T-1824 would be dispersed as a monomeric anion in 0.9 per cent NaCl at 40° 
or 7o°C. In this connection the present report describes studies on the sorption of 
T-1824 as affected by temperature, dye concentration, NaCl, pu. Aerosol OT and 
serum or urine constituents. Consequently, the conditions may be stated under 
which dye can be extracted from blood or urine as completely as it can be from NaCl 
solutions. In the presence of excess cellophane the sorption of T-1824 is at least 98 
per cent complete after more than 20 hours at 7o°C. in NaCl of 0.9 to 3.0 per cent. 
Sorption is unaffected by changes in dispersion volume from 25 to 100 ml. and in pH 
from 4.6 to 8.5. However, sorption does depend on the availability of free T-1824 
and hence on tlie absence of free serum protein or excess of free Aerosol OT. If i.o 
ml. of 1.2 per cent Aerosol OT is added to a mixture of 0.2 ml. of d3'-e-tinged dog blood 
serum and 25 ml. of 0.9 per cent NaCl maximum sorption occurs. The fact that 
Aerosol OT was needed for complete liberation of T-1824 from diluted serum (figs. 
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3a and 4) lends support to the view that this dye is strongly bound to albumin (7, 9) 
and that the relatively slow disappearance of T-1824 from the bloodstream is a func- 
tion of its marked afiinity for serum albumin (g). It is necessary to make dog urine 
at least o.g per cent with respect to NaCl and to add at least 0.3 ml. of the Aerosol 
OT solution in order to get maximum sorption from half-hour urine samples. 

In the course of the present studies it was noted that there was no change in the 
optical density at 635 m;t of the control foils. Evidently the exposure to dye-free 
urine or blood serum did not result in sorption of urine or serum constituents with 
chromophoric groups like those of T-1824. This observation indicates that further 
work may discover a practical advantage in use of this cellophane method to over- 
come the difficulties encountered (8) when lipemia or varying hemolysis is present, 
both of which interfere with direct spectrophotometric estimation of T-1824 the 
serial blood samples used for measurement of plasma volume. Since the cellophane 
value of T-1824 from 0.2 ml. of serum is only i.io to 1.02 times greater than the serum 
optical density, it can be corrected and substituted into the equation (8) used in cal- 
culating the plasma volume. 

The rate of arrival of T-1824 ini the urine \vith respect to the T-1824 concentra- 
tion in dog blood yields a plasma clearance of i to 2 jul. per minute. By assuming this 
clearance value to be entirely a function of renal activity, it then becomes of interest 
to inquire into whether T-1824 leaves the blood in the form of free dye, as a dye • albu- 
min compound or as a mixture of the former and latter. This inquiry will consider 
the evidence for the binding of dye in blood serum and also in urine. For the purpose 
of measuring the plasma volume the initial plasma concentration of T-1824 E approx- 
imately 0.002 per cent (8). As revealed by electrophoretic analysis a 0.004 per cent 
concentration of dye in four-times diluted blood serum at pH 7.4 is entirely bound by 
serum albumin (9). If the dye concentration is increased to 0.098 per cent it then 
combines with alpha and beta globulins as well as with albumin. It is known that 
ionized basic groups in one mole of albumin bind somewhat less than 14 moles of 
T-1824 (9)) but the dissociation constant for the dye -albumin at pH 7.4 is unknown. 
LeVeen and Fishman find that T-i 824- albumin at pH 2.5 has an apparent dissociation 
constant of K = 2 X 10“® and that at this low pH one mole of albumin binds at least 
70 moles of dye (12).® There are several reasons for believing that K is less than 
2 X 10“®: it has been calculated for molarities existing before dilution and precipita- 
tion with trichloracetic acid solution; competition between anions of trichloracetic 
acid and T-1824 has not been considered; at the low pH the sulfonic acid groups of 
T-1824 are not entirely ionized (10), i.e. their pK >>i and <2.5. For lack of 
information it is impossible to discuss the effect of electrostatic repulsion between 
T-1824 anions and T-1824 -albumin as has been done in both fact and theory for 
azosulfathiazole (22). However, the value K = 2 X io“® suggests that T-1824 has 
an affinity for serum albumin which is several hundred times that of azosulfathia- 
sole. The actual dye - albumin formed in blood is probably so weakly dissociated that 
the arrival of dye in the urine is an inde,x of albumin e.xcretion. Urine albumin is 
vcr\- dilute and must certainly be affected by urine constituents, yet it was necessary 

' In reply to a ciuestion in a letter from one of the .authors a letter from H. H. LeVeen in part 
ui'lic-aur- that their published value is in error, should be changed from 2 X 10"® to 2 X io~«, and this 
< liringo ’.vill be reriucstcd of the editors. 
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to add Aerosol OT to dog urine in order to liberate dye for more complete extraction 
by cellophane. 

SUMMARY AND CONCLUSIONS 

The blue tolidine dye T-1824 has been quantitatively extracted from 0.9 to 3.0 
per cent NaCl, blood serum and urine. Complete extraction, involving a great con- 
centration step, is approached in the presence of excess cellophane after 24 hours at 
7o°C. Sorption is independent of certain pH or dispersion volume changes. The 
resulting dye • cellophane compound has a maximum light absorption at 635 m/z 
where the molar absorption coefficient is 66,300. The amount of sorbed dye was 
estimated in terms of the product of the optical densities at 635 m/z and the dry- 
weights in mg, of foils which were .00186 cm. thick. This product, called the cello- 
phane value for T-1824, at unity corresponds to 3.0 X 10’® molecules or 4.8 yizg. of 
T-1824; Amounts as small as 0.5 /zg. of T-1824 have been estimated. 

Twenty-six determinations with a mean cellophane value of 2.50 had a standard 
error of 0.14. 

In order to liberate dye for sorption by cellophane it is necessar}'^ to add the ani- 
onic detergent, Aerosol OT, both to diluted blood serum and to urine. 

At the dye concentrations used for estimation of plasma volume the cellophane 
value with foils of this thickness for T-1824 from 0.2 ml. of dog blood serum is nearly 
equal to the serum optical density at 624 mjtz in 0.5 cm. cuvettes. 

A discussion of the occurrence of T-1824 in dog urine following its intravenous 
injection is presented with respect to the possibility that the T-1824 and naturally 
occurring albumin clearances are identical. 
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SHOCK DUE TO ELECTRICAL INJURY IN FROGS 

LOUIS MOREAU,! MARVIN BALISTOCKY and L. V. HEILBRUNN 
From the Zoological Laboratory of the University of Pennsylvania 

PHILADELPHIA, PENNSYLVANIA 

I N THE PAST, study of the complex and confusing problems of shock have been 
left almost entirely to the clinical physiologist and the pathologist, and yet, 
apparently, there are aspects of the problem which can be attacked from the 
standpoint of general or cellular physiology. This work is part of a larger plan to 
study the pathogenesis of injury shock from the standpoint of cellular physiology. 

If shock is produced largely as a result of the formation of toxic substance by 
injured tissues (and this is now generally admitted by those who follow the literature), 
then we should seek to discover why and how the injured cells produce toxic sub- 
stances, what sort of substances are involved, and in what manner they produce their 
effect on cells in other parts of the animal. 

For many years, one of us (Heilbrunn) has maintained that when cells are stimu- 
lated or injured, a protoplasmic change similar to blood clotting occurs (i, 2). It 
was postulated that this protoplasmic clotting produced a thrombin-like (or, perhaps, 
a thromboplastic) substance which could induce clotting in cells distant from those 
injured. When the protoplasm of a muscle is clotted, this results in contraction (3). 
Hence, one could easily assume that injured cells give off substances which would 
pass through the circulation to smooth muscle cells at some distance and that these 
cells would undergo violent contraction. The evidence in favor of such a point of 
view is abundant and many-sided, and some of it has been summarized in an earlier 
paper (4). 

The purpose of this paper is to further test the above hypothesis. If injur}'’ to 
tissues produces injury substances which have an effect on protoplasmic clotting, 
presumably these same substances would also affect the clotting time of the blood. 
Accordingly, we attempted to produce injury and then study blood-clotting times in 
the injured animal. 


MATERIAL AND METHODS 

Frogs, Rana pi picas, weighing 17 to 23 gm. and of both sexes, were chosen as the 
experimental animal. In all, over 240 animals were used (including 40 controls). 

Electrical stimulation was provided with an Ene-Volt, a variable transformer 
type of stimulating apparatus manufactured by Gorrell and Gorrell. Electrodes 
used in the muscle experiments were either copper wires or small iron plates measuring 
1x2 cm. Tile current used had an E.M.F. varying between 10 and 400 volts and 
was applied for periods of one second to 20 minutes. The best results were obtained 
by using four pairs of plate electrodes fastened to the legs so that the thigh and calf 
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of each leg would be shocked simultaneously. An E.M.F. of 300 volts was used with 
this method, and shocks of one-second duration were given one or two times per 
minute. The current intensity with this method was 800 milliamperes through the 
entire system. The maximum temperature developed, measured by a line wire 
thermocouple, was 33°C. in the thigh and 34°C. in the calf of tlie leg. 

In the brain injur}'- experiments, the electrodes were made of narrow sheet-iron 
strips painted with Cenco cement (a modified de Kotinsky cement), wliich is a non- 
conductor. The contact areas were 2.5 x 3.0 mm. One electrode was placed in the 
midline of the skull, over a spot between the orbits and the auditory plaques. The 
other electrode was placed in the midline of tlie roof of the mouth immediately ante- 
rior to the downward bulging of tlie orbits. The best results were obtained by using 
an E.M.F. of 100 volts and giving 10 shocks of one-second duration at the rate of one 
shock per minute. The current intensity delivered was 160 milliamperes. The 
maximum temperature reached \Vas 34°C. 

The blood-clotting time was determined by the capillary method. The heart was 
exposed through an opening in the upper abdomen and lower thorax. Blood samples 
were obtained by puncturing the ventricle with a capillary tube drawn out to a diam- 
eter of approximately .25 nmi. The small end was cut off by scratching with a sharp 
piece of carborundum. This is an important detail because the end thus cut pene- 
trates readily into the ventricle, promoting speed and minimizing the chance of error. 
Contamination of the blood sample by pericardial or tissue fluids produces error by 
shortening tlie clotting time. This was avoided by cutting away the anterior portion 
of the pericardial sac and blotting the heart with filter paper. We followed as a 
standard rule: never to take a blood sample from a visibly moist ventricle. Care was 
taken, as far as possible, to make each puncture through a fresh, unbroken portion of 
the ventricle. In the serial determination two samples were taken in immediate 
succession and the average value determined for each pair. In both the experimental 
and control animals used in serial determination, the relations of blood loss due to 
sampling were as follows: in each individual puncture approximately .0050 to .010 cc. 
of blood was withdrawn. The average amount lost through bleeding at each puncture 
was .010 cc. Most of the animals were sampled six to eight times (12-16 punctures) 
and thus had a total blood loss of 0.21 to 0.28 cc., or 16 to 20 per cent of the estimated 
total blood volume. The animals were neither pithed nor anesthetized. 

OBSERVATIONS 

Local and dislani effects. In the muscle injury experiments the lower current 
intensities and brief shocking procedures produced only a temporary coma within 45 
to go minutes after injury. The higher dosages produced irreversible effects. With 
the copper wire electrodes an E.M.F. of 75 volts for 4 minutes produced irreversible 
depression and coma in 30 to 60 minutes. 

"Viflien a single pair of plate electrodes was used, death was caused by an E.M.F. 
of 200 volts applied for 7 seconds to each thigh and calf, as follows: 3 shocks of two 
seconds duration spaced approximately one minute apart followed by a 4th shock of 
one-second duration. When four pairs of electrodes were used, shocking all parts of 
the legs simultaneously, the E.M.F. was 300 volts. 

The local effects were characterized by hyperemia of the skin beneath and be- 



* 

t. 


40 L. MOREAU, M. BALTSTOCKY AND L. V. HEU^BRUNN Volume 154 

tween the electrodes and marked swelling and- rigor of the hind legs, at first between 
the opposite electrodes. Later the swelling involved the entire legs, and the rigor 
became somewhat relaxed. 

The general effects consisted of a slight lethargy, which disappeared in 3 to 5 min- 
utes after injury. In about 20 minutes lethargy returned; and sooner or later, stupor 
developed. The front legs became sluggish. With this there was an apparent loss 
of initiative, which was accompanied by loss of the corneal reflex. During this stage 
the animal was still responsive to mechanical stimuli. In about 30 minutes to one 
hour came the stage of marked depression, during which no movement at all or only 
the very slightest movement of the front legs could be elicited bj^' prodding. 

The effects on the heart varied in degree. In the e.xperiments with wire elec- 
trodes the heart continued to beat for 12 to 24 hours after the.onset of coma. In the 
other experiments with plate electrodes, the heart stopped usually within 2| to 3I 
hours after the onset of depression. 


Table i. Effects of iVLTERX.ATE removal and reapplication of 

LIGATURES TO THE LEGS OF A FROG GI\H;N ELECTRICAL INJURY 


TIME 

PROCEniTRE 

REACTION 

min, 

0 

3 female frogs shocked on each thigh and 

All frogs remained briskly reactive and nor- 

60 

calf of the leg, then ligatures were apjilied 
just below the inguinal region 

Left leg of I frog freed of ligature 

mal, e.xcept for loss of use of hind legs 

Depression observed within 10 minutes. 

85 

Left leg retied j 

Loss of use of front legs 

1 Within 20 minutes brisk, reactivity observed 

150 

Right leg freed of ligature ■ 

Depression returned within 10 minutes 

16s 

Right leg retied 

Within 10 minutes, some return of reactivity 


The 2 remaining frogs (with ligatured legs) remained briskly reactive for at least 6 hours. 


In brain injury the toxic effects were variable. Coma beginning with the first 
shock and lasting from 15 minutes to 2h hours was observed in nearly all the animals. 
The animals which recovered lived 16 hours to three days. Tlie animals receiving 
80 or 100 volts had irreversible coma. 

Effects of interrupting the circulation. The circulation was interrupted either by 
excision of the heart or ligating the thighs immediately before inflicting injury. In 
all cases the depressant effects of electrical injurj’- were confined to the hind legs. 
The entire upper part of the body remained normally reactive for two to three hours 
in the 5 frogs wliose hearts had been removed, and for 1-2 days in those whose legs 
were ligated. Ten controls showed the usual reaction of profound depression within 
the expected time of 30 to 60 minutes. Later, 5 frogs with ligatures were shocked 
and after 30 minutes the ligatures were removed and profound depression and coma 
followed in a manner similar to that previously described. Later, 3 frogs were given 
a lethal dose of electrical injury to the hind legs. The ligatures were alternately 
removed and reapplied. The observations are recorded in table i. 

Changes of the coagulation lime of the blond. Experiments to determine the effects 
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on blood coagulability were done by giving the animals a lethal dose of electrical 
injurjr and taking the clotting time at various intervals afterwards. 

Ten animals were shocked. In 2h hours 5 of the animals were opened. In 2 of 
the animals the clotting time was indefinite; in the remaining 3 the values were 12, 
30 and 30 minutes (av. 12 minutes). After 18 hours the remaining 5 showed a range 



Fig. I. ErrECT of 
SHOCK due to electrical 
injury on the blood 
clotting time of frogs. 
Each point represents 
the average value ob- 
tained from the clotting 
time of 5 frogs at inter- 
vals after the onset of 
visible dejjression. 



Figs. 2 and 3. Comparison of blood-clotting changes of control frogs (fig. 2) with those of 
frogs after receiving electrical injury of muscle (fig. 3). Each curve represents the changes in the 
clotting time of one frog. In fig. 3, samples were taken before shocking, after the loth shock (loS) , 
the 20th shock (o) and everj' 20 minutes. 


of 4 to 17 minutes (av. 8 minutes). Fifteen untreated frogs, used as controls, showed 
a range of 1.5 to 4.5 minutes (av. 2.4 minutes). 

A more complete picture was obtained by shocking 50 frogs and averaging the 
clotting time in groups of 5 frogs at each of the following intervals: at the beginning 
of coma; then at 20-minute intervals thereafter for three hours. Ten controls were 
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used, and their average clotting time was three minutes. Results of the experiments 
are shown in figure i. Indefinite clotting times were given an arbitrary value of two 
hours, for the purpose of averaging. 

Later, serial determinations were made on 10 frogs. The results were shown in 
figures 2 and 4. Five untreated frogs were used as controls. The results are shown 
in figures 3 and 4. Figures 2 and 3 should be compared, as they show the changes of 
the clotting time of each animal and indicate the extent of individual variations. 

In the brain injury experiments (fig. 4), 10 animals were used. The effects of 
electrical injury on the clotting time were substantially the same as in the muscle 
experiments. • 


Fig. 4. Effect of electrical 
rNjuRY on the clotting time of frogs. 
Comparison of averages obtained from 
test animals and controls. The aster- 
isks (*) represent points where the 
dotting time became indefinite. The 
curves represent only the finite values. 

Key: Controls, A A; muscle 

injury, O O; • •. 
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DISCUSSION 

The results which have been stated give an affirmative answer to the three ques- 
tions which were put at the begirming of our experiments: Profound systemic physi- 
ological changes can he brought about in an animal by means of electrical injury to one 
part of the body. This statement is in agreement with previous work done in this 
laboratory on other types of injury. The literature on electropathology is pro- 
digious, but it deals chiefly with pathology caused by industrial accidents, criminal 
electrocution and accidental electrocutions from house currents, all of which involve 
excessive voltage and amperage and, often, long periods of contact with the production 
of high temperatures within the tissues. Another trend of recent 3’^ears in the stud}”^ 
of electropathology has been in the study of pathology resulting from electroshock 
therapy of ps3’'chotic patients. In this work neither the milliampcrage nor the total 
time of application is comparable with that used in the present e.xperiments. 

However, there has been some work done to study the lethal effect of electrical 
injury under controlled conditions. MacMahon (5) has .shown that repeated sub- 
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lethal doses of electrical injury can cause the death of an animal. Morrison, Weeks 
and Cobb (6) have studied the histo-pathological effects of various types of electrical 
current on the nervous system. Delayed lethal effects were produced by several 
applications of sublethal injury over a period of a few days. The experiments of 
MacMahon and Morrison and his associates were done with injury limited almost 
entirely to the nervous system — although MacMahon does describe some changes in 
skeletal muscle. 

Wliile systemic toxic effects seem to have been produced in the experiments of 
these workers, we felt that it was desirable to place the electrodes so that the current 
would not transfix the entire body, but only a relatively small portion of it. 

The results of our experiments favor the second postulate, that the toxic effects 
observed were caused by a toxic factor circulating within the body of the test animal. 
This is in accord with results of other work done in this laboratory (4) in which the 
dialysate of defibrinated blood from animals in heat shock was shown to have a high 
toxicity for rats. Extracts of injured tissues also were found to have 'a lethal effect 
on rats. Although some normal tissue extracts are toxic, it is interesting to note that 
the extracts from injured tissue have a higher potency than those of normal tissue. 
Moreover, an indication that the toxic factor of the tissues was at least similar to, 
and perhaps identical with, that of the dialysate of blood is found in the fact that 
animals injected with these materials died in a similar way. 

Our own experiments with ligatures and excision of the heart corroborate the 
findings of numerous investigators. 

That the ciradating toxic factor is a substance with thromboplastic properties is 
strongly suggested by the recorded changes in the blood-clotting time following in- 
jury. It has long been recognized that disturbances in blood coagulation follow the 
inception of shock from trauma, burns and anaphylactic reactions. The disturb- 
ances observed and recorded, heretofore, usually have been concerned with decrease 
coagulability of the blood, manifested through prolongation of the clotting time 
(7, 8). Often the changes in blood coagulability have been referred to as being com- 
pensatory to some postulated thrombogenic tendency incited by the pathological 
process involved. Actually an early decrease in clotting time has been reported, at 
least once, in the literature, by Gahringer (9). Thus, our experiments corroborate 
the findings already made by others, including the important detail of the initial 
increase in blood coagulability. The recent work of Dragstedt and his associates 
(10) showed that, following burns, there was intravascular agglutination of red cells 
and transient and permanent thromboses of small vessels not in the burned area. 
More work, on traumatic injury, has shown similar results (ii). These observa- 
tions, we feel, favor the view that the toxic factor is a substance which has thrombo- 
plastic properties. 

The foregoing statements should not be taken to mean that the end process in 
shock is exclusively a matter of protoplasmic clotting. Actually, no spasticity was 
observed in the frogs during the development of shock. What the evidence does 
indicate, however, is the fact that thromboplastic changes play some role in the de- 
velopment of injury shock. Although a thromboplastic toxic factor is present, the 
pathological process in the target tissues might not involve overt clotting alone. 
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The pathology might be caused by some other reaction related to the presence of the 
thromboplastic toxic factor, or to the compensatory ‘antithrombic’ factors. 

STBIMARY 

Profound physiological depression and death were produced in the frog by means 
of suitable doses of electrical injury applied either to the brain or liind legs. Evi- 
dence of a circulating toxic factor was seen in the fact that the toxic effects were 
prevented by interruption of the blood circulation. Disturbances in the blood- 
clotting mechanism following injury indicate that the toxic factor is a substance, or a 
group of substances, with thromboplastic properties. These results favor the con- 
cept that thromboplastic substances may be involved in the pathogenesis of shock. 
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C USHING (i) demonstrated in 1903 that increased intracranial pressure can 
cause hypertension in dogs. Many years later Nash (2) and VoUiard (3) 
independently showed in heart-lung-brain preparations that there is defi- 
nitely a vasopressor reflex originating vdthin the cerebral vault, and McDowall (4) 
demonstrated that complete cerebral anemia causes a powerful pressor response. 
Yet it has been the tendency by man}’’ to believe that the body’s pressoreceptors are 
located strictly in peripheral areas (5). Experiments with sympathectomy in hyper- 
tensive patients indicate that these patients have a hyper-reactive nervous system, 
and there are many reasons for believing that essential hypertension is possibly 
neurogenic in origin (6). For this reason the present study was undertaken to 
elucidate the nature of the central vasopressor reflex. 

METHODS 

The purpose of the surgical procedures in these studies was to abolish aU re- 
flexes originating in the carotid and aortic sinuses and thereafter to study the central 
vasomotor reflex resulting from ischemia of the brain. This was accomplished by two 
methods. In the first set of animals, all of the blood supply to the brain except that 
through the carotid arteries was occluded. Through an incision on each side of the 
neck immediately above the first rib the subclavian artery was tied at its junction , 
with the axillary artery, and all branches from the subclavian artery were independ- 
ently tied and cut. The costocer'vical, thyrocervical, internal mammary and ver- 
tebral arteries were occluded by this procedure. The carotid sinuses were stripped 
without obstructing the blood flow tlirough the internal and external carotids, and 
the vagi were cut at a point approximately one inch below the carotid sinuses to 
denervate the aortic arch. Central vasopressor reflexes were then studied by com- 
pression of tlie common carotid arteries. In the second series of am'mals the entire 
bifurcation of each carotid artery, including the carotid sinus and the internal carotid 
up to the point of its entrance into the skuU, was actually removed, and the common 
carotids, internal carotids and external carotids were ligated. The subclavian 
arteries were then isolated and tied in the neck as described for the first series of 
animals, and all branches of the subclaUan were tied except the vertebrals. There- 
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fore, the remaining blood supply to the brain flowed entirely through the vertebral 
arteries except for collateral supply through spinal and muscular channels. The 
cerebral reflexes were then studied by compression of these vertebral arteries. A 
special screw clamp was devised for this purpose so that the incisions could be closed 
except for the projection of a small brass tube and screwing mechanism. 

Because the respiration of the animals often ceased when the brain became is- 
chemic, it was necessary to insert an intratracheal cannula for artificial respiration. 
The animals were anesthetized with sodium pentobarbital to a stage of medium surgi- 
cal anesthesia. The experiments progressed over a period of 4 to 7 hours. During 
this time, approximately one half of the animals suffered a reduction in blood pressure 
below normal because of the extensive operative procedures. Nevertheless, these, 
animals had essentially the same responses found in the other animals though quan- 
titatively smaller. To insure that the carotid sinus areas were completely de- 
nervated, they were painted after stripping with a i per cent solution of phenol and 
electrically stimulated to prove that no further neurogenic connections existed from 
these areas. Blood pressure was recorded from a femoral cannula. 

RESULTS 

After standardizing the surgical procedures, various studies of the vasopressor 
reflexes were made in 16 animals as follows: 

A. Acule occkision of the common carotids with the remaining cerebral circulation 
intact produced the well-known results which are generally ascribed to the carotid 
sinus reflex. Clamping of either one of the common carotids produced a rise in 
blood pressure of approximately 6 to ro mm. Hg. Occlusion of both carotids simul- 
taneously produced an average rise in 12 animals of 26 mm. Hg. This rise in blood 
pressure was maintained for the duration of carotid occlusion regardless of how long 
the carotids were compressed, and the blood pressure returned to normal immediatel}'^ 
after release of the clamps. 

B. Acule occlusion of the common carotids after the verlebrals and other branches of 
the subclavian had been tied produced, in 8 animals, an average rise of blood pressure 
of 57 mm. Hg. The character of this rise in blood pressure was slightly different from 
that obtained before the vertebrals and accessory circulation had been occluded. In 
general, the blood pressure rose rapidly for 15 seconds, then slowly for approximately 
one minute, after which time there was a slow fall over a period of 8 to 15 minutes 
back to normal or below normal. At the end of each period of occlusion there was 
usually a 30-second period of compensatory subnormal pressure ranging 20 to 30 
mni. below normal. Cerebral ischemia in these e.xperiments was complete except for 
minor blood flow through collateral channels. For this reason, even the vasopressor 
centers probably became functionally inactivated after a few minutes, resulting in the 
slowly falling pressure. The greater rise in blood pressure after the vertebrals had 
been ligated than before could be e.xplained by two possible mechanisms. First, 
there is the possibility that back pressure in the carotid sinuses, from the circle of 
\\ illis, was less in the second case. Second, there is possibly a pressoresponsive area 
located in the brain in addition to those in the peripheral circulation. 

( . Acute occhision of the common carotids with the verlebrals tied and carotid 
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sinuses denervated still caused a rise of blood pressure averaging 30 mm. Hg in 7 
animals. In this instance the carotid sinuses were completely inoperative and the 
aortic sinuses, though still intact, were actuall}'- opposing the rise in blood pressure. 
The character of the blood pressure response was essentially the same as that noted 
before the carotid sinuses were denervated, though the height was less and the rapid- 
ity of rise was slightly decreased. Likewise when the clamps on the carotids were 
removed, the blood pressure fell rapidly and markedl3''to a level 20 to 30 mm. below 
normal, returning thereafter to normal in approximately 15 to 30 seconds. 

D. Acute occlusion of the common carotids with the vertebrals tied, the carotid 
sinuses denervated and both vagi cut caused a rise in blood pressure averaging 46 mm. 
of mercury in 6 animals as shown in table i. The blood pressure, after the vagi were 
cut, rose much more rapidly than before, reaching a maximum in approximately 30 
seconds rather than in one minute and 15 seconds. The height of the pressure was 
approximately one and one-half times the blood pressure rise before the vagi were 
cut. Cutting the vagi removed two factors in the neurogenic control of blood pres- 
sure. First, it removed the tonic and reflex effect of the vagi on the heart. This 
caused a variable rise in blood pressure at the time of cutting the vagi. Second, 
cutting the vagi denervated the aortic arch. This removed the buffering action of 
the pressoreceptors of the aortic arch and resulted in a higher and more rapid rise in 
pressure after carotid occlusion. Blood pressure readings in this category were often 
over 200 and, in one animal, reached a mean pressure of 260 mm. 

E. Acute occlusion of the vertebrals with the carotid sinuses totally ablated and the 
carotids, subclavians, costocervicals, and thyrocervicals all tied produced an average rise 
in blood pressure in 4 animals of 15 mm. Hg. In this instance the carotid sinuses 
had been completely removed and, therefore, could have had no effect whatsoever 
in producing this rise in blood pressure. The character of the rise in blood pressure 
was the same as that previously described when the brain was almost completely 
ischemic except that the total rise was less than that previously discussed. 

F. Acute occlusion of the vertebrals in the 4 animals noted in paragraph E after 
both vagi had been cut caused a rise in blood pressure averaging 32 mm. Hg. In this 
set of obsen^ations, in which both the action of the vagi on the heart and the buffering 
action of the aortic arch had been removed, the result was an exaggeration of the cen- 
tral vasopressor response. 

G. The entire neck except the spinal column was sectioned in two of the animals 
which already had both carotid sinuses ablated, the carotids, subclavians, costocervicals 
and thyrocervicals all tied, and the vagi cut. After this procedure, the average rise in 
blood pressure on occlusion of the vertebrals was 76 mm. Hg as noted in table i. It 
appeared that the collateral circulation increased much more rapidly when the ex- 
periment was carried out by ablating the carotid sinuses first rather than by tying 
the vertebrals first. This is reasonable because the small vertebrals could not ade- 
quatel}’- supply the entire head with blood. While sectioning the neck, even though 
the carotids had been tied and the vertebrals clamped, numerous small but profusely 
bleeding arteries were found throughout the muscles. 

H. Control observations. After the buffering action of the carotid sinuses and the 
aortic arch had been removed, it would be possible for the increase in peripheral 
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resistance upon clamping the carotids to be partly responsible for the rise in blood 
pressure. Therefore, in 4 of the animals which had had the carotid and aortic sinuses 
denervated, one femoral artery was suddenly occluded. In not one of these 4 


Table i. Effect of occluding the cerebral blood supply after the 

CAROTID SINUSES AND THE AORTIC ARCH HAD BEEN DENERVATED 


DOG NO. 

VESSELS 

OCCLUDED 

i 

DURATION 
OF OC- 
CLUSION 

B. P. BE- 
FORE OC- 
CLUSION 

1#M 

REMARKS 



min. 

mm. Fig 


5 

carotids 

13 

140 

166 

Pressure had fallen to 105 at 13 min. 

6 

carotids 

4 

1 

156 

1 

! 206 

Pressure fell to no on release of occluding 

i 

j 





clamps 

i 


14 

i 150 

! 

226 ' 

Pressure had fallen to 70 at 14 min. 

7 1 

carotids 

3 

1 154 

184 

Fell to 130 on release of clamps 



10 

160 

214 

Pressure maintained, respiration did not 






cease 

s 

I 

j carotids 

1 

5 

1 

104 

140 

Rapid fall to 70 after release 

9 

j carotids 

1 

2 

166 

234 

Rapid fall to 130 after release 


i 

3I 

154 

224 

Same rapid fall 


1 

23 

184 

260 

Sustained blood pressure rise and sustained 


I 

1 

1 




respiration 

10 

j carotids 

2 


234 

Rapid fall, to 130 after release 


} 

1 

4 


220 

Same rapid fall 


1 

22 


200 

After tying external carotids. Sustained 




m 


rise in blood pressure and sustained respi- 


1 


Hi 


ration 

14 

! vertebrals 

3 

! 100 

150 

Slow fall back to normal after release of 


1 

[ 


1 


clamps 



{ 7 

1 94 

172 

Slow fall back to normal after release of 



! 

i 

1 

j 

1 

clamps 


%'ertebrals 

i i-i 

! tjo 

^ 168 

Slow fall after release of clamps 


! 

i ^ 

; ! 

1 170 

Slow fall after release of clamps 


In animals 5, 6, 7, 8, g, and 10, the vertebrals, costocervical, thyrocervical and subclavian arteries 
had been ligated. In animals. 14 and 13, the carotid bifurcations had been removed and the necks 
had been entirely sectioned except tlie vertebral arteries and the spinal column. The blood pres- 
sure levels reached their maximum height between 30 sec. and 5 min. after which they usually began 
to fall at a very slow rate. 


animals was there a perceptible rise in blood pressure although the blood flow through 
the femoral was approximately equal to one half the total blood flow through both 
carotids and equal to considerably more than the blood flow through both vertebrals. 
1 ying the external carotids in 3 animals did not qualitatively change the cerebral 
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vasopressor response on occlusion of tlie carotids. Quantitatively, however, the 
response was slightly decreased. Because the internal carotids in dogs are extremely 
small arteries in comparison with the external carotids, it is reasoned that the brain 
probably receives a considerable proportion of its blood supply through anastomoses 
from the’ external carotids as well as through the internal carotids. 

At the conclusion of one of the experiments in which the animal had had its 
entire neck sectioned and in which the carotid arteries as well as the vertebral arteries 
had been hgated, the entire spinal column was rapidly sectioned between vertebrae 
C 2 and j. Although both vertebrals had been ligated at their origin immediately 
above tlie first rib, the animal bled to death through these vertebrals in approx- 
imately two minutes, thus showdng that there was still a marked anastomotic supply 
between the cephalad end of tlie vertebrals and blood vessels of the thoracic region. 
This could easily have occurred because the neck had been sectioned in the region 
of C 2 and j rather tlian at the point at which the vertebrals had been tied. The 
collateral blood supply to the brain appears to be exceptionally well developed. This 
makes it difficult to state the precise degree of cerebral ischemia which occurs after 
carotid and vertebral ligation. 

I. The ejfect of cerebral ischemia on respiration varied with the duration and de- 
gree of ischemia. In approximately two thirds of the animals ha'ving the carotids, 
the vertebrals and accessor}'’ blood vessels occluded, respiration ceased between 45 
seconds and 8 minutes after occlusion. In the other one third of the animals the 
respiration continued indefinitely at a slow rate. The degree of hypertension pro- 
duced by cerebral ischemia was greatest in those few animals which were on the verge 
of total respiratory arrest but did not actually stop breathing. Likewise, tlie pres- 
sure response in these animals was sustained over a longer period of time than in the 
others.’ This indicates that there is a particular point in cerebral ischemia at which 
high levels of blood pressure can be maintained, whereas greater ischemia than this 
wiU cause a fall in blood pressure due to functional inactivation of those cells which 
cause the vasopressor response. During all periods of respiratory arrest, artificial 
respiration was instituted to prevent systemic anoxia. 

J. Prolonged cerebral ischemia in those animals which experienced complete re- 
spiratory arrest caused, within a period of 8 to 14 minutes, a complete meduUary 
paralysis. The blood pressure levels by this time had fallen to approximately 70 
mm. Hg and clamping or releasing tlie arteries to the brain caused no furtlier blood 
pressure responses. The animal was thereafter essentially a spinal animal and of no 
further use for these acute experiments. 

K. The pulse rate in total cerebral ischemia invariably decreased after approx- 
imately 45 seconds of arterial occlusion. Before the vagi were cut, this decrease was 
often as much as 30 per cent. It was still present, however, even after the vagi were 
cut, tliough usually around 5 per cent in these instances rather than up to 30 per cent. 
Before the vagi were cut there also was often a rapid rise in blood pressure for the 
first 30 seconds, a small fall in blood pressure for the next 30 seconds, and then a sec- 
ondai}'- rise to higher levels at i-| minutes. After cutting the vagi this blood pres- 
sure dip was still noted to a slight degree in several of the animals, and it was asso- 
ciated with mild slowing of the pulse rate. 
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DISCUSSION 

Long before the description of the carotid sinus reflex, the pressor response elic- 
ited by cerebral ischemia had become well known and was extensively reviewed by 
Winkin (7). Most of these experiments became invalidated with the discovery of 
the carotid sinuses, because clamping of the common carotids, which was almost 
always the experimental technic, caused both the cerebral ischemic response and the 
carotid sinus reflex response. McDowall, however, in a series of experiments de- 
signed to study the chemical control of the vasomotor center, demonstrated that a 
striking elevation of blood pressure could still be obtained by occluding the blood 
supply to the brain peripheral to the carotid sinuses and that the response persisted 
after the carotid sinuses had been denervated (4). It has been the purpose of the 
present set of experiments to evaluate this cerebral ischemic pressor response in rela- 
tion to the better known peripheral pressoreceptor reflexes. 

Comparison of the results of cerebral ischemia produced by arterial occlusion 
with those of ischemia produced by increased cerebrospinal fluid pressure in Cushing’s 
experiments (i) is striking. There is the same slow rise in blood pressure in both 
procedures as well as the vagal slowing of pulse rate in the early stages. Likewise, 
there is the same blood pressure dip which often occurs simultaneously with the pulse 
slowing. The changes which take place after cutting the vagi are also the same, that 
is, the blood pressure rise is much more rapid, and the vagal slowing and early blood 
pressure dip are almost completely abolished. Cushing’s original conclusion, that 
increased cerebrospinal fluid pressure causes the blood pressure response by producing 
cerebral ischemia rather than by some other mechanism, agrees quite accurately with 
observ’^ations in the present experiment. 

Location of the centers responsible for the pressor response in the cerebral vault 
might be in the actual cerebral nuclei or possibly in the arterial system of the brain. 
It is well known that stimulation of certain areas of the hypothalamus, the mesen- 
cephalon, the pons and the medulla will cause either a rise or fall in blood pressure 
depending on the point of stimulation (8). It is therefore reasonable to assume that 
the location of the vasopressor centers concerned in the present observations could 
be in one of these areas. The fact that respiratory depression and rise in blood 
pressure correlate very closety indicates that the medulla is the area possibly con- 
cerned. 

The presence of arterial pressoreceptor areas, similar to the carotid sinuses, 
inside the cerebral vault is untenable for two reasons. First, the rise in blood pres- 
sure in cerebral ischemia is usually somewhat slower than the rapid carotid sinus 
response, and the ischemic response often is not maintained as is the carotid sinus 
response. Second, characteristics of the blood pressure response in cerebral ischemia 
are exactly the same as those which occur when the cerebrospinal fluid pressure is 
increased. In this latter instance the applied pressure is external to the blood vessels, 
and the blood pressure should fall rather than rise if pressoreceptor areas similar 
to the carotid sinuses should exist within the arterial tree of the brain. 

Whether the pressor response is due to actual pressoreceptor nuclei or to chemo- 
receptor nuclei responding to metabolic effects of hypotension is impossible to state. 
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The long, slow rise in blood pressure seen in the responses of figure 2 would imply a 
chemoreceptor system. Also, McDowall’s work (4) on the chemical control of the 
vasomotor center indicates that carbon dioxide concentration is an important factor. 
On the other hand, verj'- rapid responses occurred in a few animals as illustrated in 
figure id. These responses are more characteristic of a pressoreceptor system but 
not necessarily so. It is difficult to imagine the mechanical construction of a nerve 



Fig. I. Blood pressure responses during progressive stages of the experiment: d) Clamping 
of both common carotids with the animal otherwise intact; h) clamping of both common carotids with 
the vertebrals tied; c) clamping of both common carotids with tlie vertebrals tied and the carotid 
sinuses denervated; i) clamping of both common carotids with the vertebrals tied, the carotid 
sinuses denervated and the vagi cut. Note in h the dip in blood pressure at approximately 40 
seconds; this occurred frequently when the brain was almost totally deprived of blood flow but was 
usually entirely abolished after the vagi were cut. Note, also, the compensatory subnormal pres- 
sures after the clamps were removed from the carotids. (Time intervals — 5 sec.) 


cell which can respond to pressure, though such is not an impossibility. Regardless 
of which type of system is responsible for the pressor response, the activity of the 
system is rapid enough to be of protective value in animals with a falling blood 
pressure. 

It is probable that the pressor response in cerebral ischemia is mediated through 
the sympathetic nervous system. The very rapid and. marked fall in blood pressure 
when the clamps are removed from the occluded arteries indicates, that the response 
is neurogenic rather than humoral. The vagi, of course, had been cut in these exr 
periments and therefore could not have been concerned. Also, it has been adequately 
demonstrated that the rise in blood pressure due to the similar condition of increased 
cerebrospinal fluid pressure is mediated through the sympathetics (i, 9). Further- 
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more, McDowall (4) demonstrated by several methods of cerebral asphyxia that the 
response is opposed by removal of portions of the sympathetics. 



Fig. 2. Blood pressure responses after the carotid sinuses had been totally ablated: 0) 
Clamping of both vcrtebrals with both carotid bifurcations including the sinuses removed; b) clamp- 
ing of both vcrtebrals with both carotid sinuses ablated, the vagi cut and part of the soft tissues of the 
neck sectioned; c) clamping of both vcrtebrals with both carotid sinuses ablated, the vagi cut and 
the neck, except the spinal column, completely sectioned. Note the change in response as the 
collateral circulation was destroyed and the aortic sinus denervated. (Time intervals — 5 sec.) 

Fig. 3. Blood pressure effect of i>rolongcd cerebral ischemia. Medullary paralysis with 
resultant spinal levels of blood pressure occurred in S to 14 minutes in all animals if the ischemia was 
sufiicient to cause respiratory arrest. 

The present c.xpcriments indicate forcefully that the peripheral pressoreceptors 
are not the only major neurogenic pressoresponsivc S3Lstem. Indeed, it is even ques- 
tionable whether the carotid and aortic sinuses are as powerful as the cerebral centers. 
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It is regrettable that many of the experiments to produce chronic hypertension by 
carotid sinus denervation have been carried out by actual ablation of the carotid 
bifurcation (10-12). This procedure could easily cause a low-grade deficiency in 
blood supply to the brain, and what the effects of this may be have not been de- 
termined. For this reason, and because the results of chronic experiments with sinus 
denervation have been extremely variable (10-14), the precise function of the carotid 
sinuses, the aortic arch and the mesenteric pressoreceptors (15, 16) is still quite be- 
clouded. 

The relation of these experiments to essential hypertension in man is of interest. 
Certainly, no one has succeeded in implicating the carotid sinus mechanism as a 
causative factor. Yet, excessive neurogenic pressor responses in such patients have 
been demonstrated by postural and ice water tests (6). Also, it has been shown 
many times that spinal (17), caudal (18), and differential block (19) anesthesia, which 
effectively block the S3Tnpathetic nervous system, wiU cause a marked blood pressure 
fall in many hypertensive patients, whereas these procedures hardly affect the blood 
pressure of normal individuals. These observations indicate a cerebral origin of ex- 
cess s)Tnpathetic activity in h)rpertensive patients. Because stimulation of an ex- 
tremely small area of the medulla has been shown to cause extreme changes in blood 
pressure (8), there is no reason to doubt that local vasospasm or arteriosclerotic 
occlusion of a small blood vessel might be responsible for the hyperactive sympathet- 
ics. Indeed there might well be a vicious cycle with localized vasospasm initiating 
a neurogenic hypertension and this in turn reflexly increasing the vasospasm. 

Recent war experiments concerning the effect of increased gravitational force 
on the body indicate that man’s ability to rapidly adjust tlie blood pressure under 
changing forces is more highly developed than that of lower animals (20). This 
is reasonable because of man’s erect posture, and it might also explain why essential 
hypertension is principally a disease of mankind. 

Chronic hypertension has been produced in dogs by progressively occluding the 
arterial blood supply to the brain (21). To cause this state, it has been necessary 
to occlude even the anterior spinal artery, and it might be reasoned that such extreme 
ischemia could hardly exist under natural conditions. One must remember, however, 
that very minute areas of the brain may exert powerful pressor effects, and severe 
localized ischemia in these areas can easily occur. 

SUMJIARY 

A marked rise in blood pressure occurs in response to acute cerebral ischemia- 
This response is stiU present after reflexes from the carotid sinuses have been abol- 
ished. Quantitative data indicate the cerebral pressoreceptor response to be as 
powerful as the carotid sinus response though of a slightly different character. 
Respiration is also depressed by acute cerebral ischemia, and the rise in blood pres- 
sure generally, is greatest when the respiration is barely present. Prolonged cerebral 
ischemia produces complete medullary paralysis causing the blood pressure to fall 
to levels of a spinal animal. It is postulated tliat tlie centers responsible for the 
blood pressure respo.nse are located in the medulla. The blood pressure response 
due to cerebral ischemia is almost identical with that shown by Cushing to occur 
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in increased cerebrospinal fluid pressure. The possible relationship of these observa- 
tions to essential h)T)ertension is discussed. 

I wish to express my appreciation to Dr. J. P. Quigley for his helpful suggestions in this project 
and to Mrs. Gene Hawkins, Mr. D. H. Cates, Mr. W. B. Beasley and Mr. J. G. Hunt for their techni- 
cal help in the operative and recording procedures. 
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ELECTRICAL STIMULATION OF THE NEURAL MECHANISM 
REGULATING SPASMODIC RESPIRATORY ACTS 

IN THE CATi.2 

HERBERT LEON BORISON 

From the Department oj Physiology, College of Physicians and Surgeons, Columbia University 

NEW YORK CITY 

I N 1939 Wang and Ranson (i) mapped the reactive points for certain autonomic 
responses to stimulation of the cat’s brain stem and reported as an incidental 
observation an unusual augmented respiratory response elicited at the level of 
the calamus scriptorius. Since tlien Pitts, Magoun, and Ranson (2), Brookhart (3) 
and others (4, 5) have carefull}’’ explored tlie medulla for various respiratory effects 
but have made no mention of this particular type of response. 

During the past year, the medulla oblongata of the cat has been stimulated in this 
laboratory with the aid of the Horsley-Clarke stereotaxic instrument, and a spasmodic 
respiratory response similar to that reported previously by Wang and Ranson (i) 
has been obtained. This recent work indicates that the response may be further 
characterized as a rh)ffhmic ex-plosive expiratory act as typically seen in coughing, 
sneezing and retching. It has been repeatedly and consistently elicited on stimula- 
tion of definite loci in the dorsolateral portion of the medulla. The purpose of this 
work is to localize the neural structures involved, to study in detail the physiological 
nature of the response, and to determine the conditions favoring its occurrence. 

5IETHODS 

Of the 40 experiments performed in this study, 25 were done on cats anesthetized with nembutal 
(20 mgm. per kgm.) given intraperitonealI}^ Tiiis was usually supplemented with ether during the 
operative procedure. The remaining 15 experiments were carried out on decerebrate cats prepared 
by midcollicular transection (6) under ether anesthesia. The cerebellum was exposed widely Iw 
removing with trephine and rongeurs the portion of the occipital bone from tlic foramen magnum 
to the lambdoidal ridge. The interior of the medulla was stimulated with a bipolar enamelled wire 
electrode which was oriented b}’’ means of the Horsley-Clarke stereotaxic instrument (7). The 
electrode was mounted in a rotatory electrode carrier (8) and was inserted through the cerebellum 
into the medulla at a fonvard inclination of 15 degrees. The stimulating current was supplied by a 
thyratron stimulator (9) which was calibrated with a cathode ray oscilloscope. Since, as will be 
shown, it was necessary to leave the glottis undisturbed, a pneumograph tjqjc of recording offered 
certain advantages over the use of a spirometer. Taking into consideration the misleading effects 
which extraneous body movements frequently produce in ordinary pneumograph tracings, as was 
pointed out by Pitts el al. (2), a system was devised in which blood pressure cuffs (8 cm.i were adapted 
as thoracic and abdominal pneumographs; these were used in conjunction with gravity writing 
tambours. That this method gave reliable recordings is indicated in figure i, in which simultaneous 
pneumograph and spirometer records made under a variety of conditions are shown. At the termi- 
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nation of each experiment the cat’s brain was perfused first with saline, then with formalin to fix 
the tissue in situ. This technique reduced to a minimum any distortion of the brain which might 
occur on subsequent handling. The points reactive to stimulation in each medulla were localized 
by identifying the electrode punctures in Weil-stained serial sections cut in the plane of the punctures. 

RESULTS 

In addition to the maintained inspiratory and expiratory responses localized 
by Pitts and his co-workers, faradic stimulation of the lower brain stem has yielded 
a characteristic spasmodic respiratory response which is specific for the dorsolateral 
region of the myelencephelon. 

Spasmodic respiratory response. To appreciate the actual nature of the spas- 
modic response it was necessary to avoid the use of a tracheal cannula so that the 
glottis could function normally. With the glottis intact, the response may be readily 
distinguished as a cough, sneeze or retch. Typical examples of the recorded spas- 
modic respiratory response are presented in figures 2 and 3. The response occurs 
only during the stimulation period although it may terminate before the end of stim- 
ulation. Those responses which appeared after the stimulation time were not con- 
sidered typical and were not included in the locahzation of the reactive points. The 
spasmodic response consists of strong inspiratory and expiratory efforts usually oc- 
curring at a rate of one per second, but in some instances taking place at rates even as 
slow as one every four seconds. IVhile the glottis is a useful indicator of the specific 
character of the spasmodic respiratory act, bypassing it with a tracheal cannula does 
not alter the recorded response to any appreciable extent. Similar responses to tliose 
elicited on direct stimulation of the medulla may be obtained by stimulating certain 
afferent nerves. In figure 4 the responses resulting from stimulation of the central 
ends of the glossopharyngeal and superior laryngeal nerves are presented for com- 
parison with those obtained by medullary stimulation. 

Localization. The results of histological identification of the reactive points 
from which the spasmodic respiratorj’^ response was obtained are compiled in the 
drawings of figure 5. These represent sections of the medulla spaced at approx- 
imately 1.5 mm. intervals extending from the level of the 6th cranial nerve caudad 
to the level of the 12th cranial nerx’^e. In order to make the localization as exact as 
possible, only tliose points which gave maximal responses are plotted. It is seen 
that the responsive areas correspond to the descending vestibular tract and nucleus, 
the tractus solitarius and its nucleus, and the entering glossopharyngeal and vagal 
rootlets. Only sporadic or questionable responses were obtained either rostral or 
caudal to the levels indicated in figure 5. The levels at which the reactive points 
arc most concentrated are B, C, and D, corresponding to the outflows of the 9th and 
10th cranial nerv^es. Although the same total number of points were not stimulated 
at each level, the data of figure 5 give a rough idea of the relative reactive density 
w'ithin the responsive region localized. It is not possible with the present informa- 
tion to subdivide the responsive region into distinct parts each separately responsible 
for coughing, sneezing and retching. Changes in position of the electrode in the 
immediate vicinity of the localized region gave no predictable pattern of responses. 

1 bus, there were times when on moving the electrode dorsad through the medulla, 
the spasmodic respiratory' response would appear following a typical apneusis, and on 



Fig. I. Comp.-vrisok of .spirometer and 
pneumograph tracings. Top tracing: spirometer, 
insjiiration downstroke; center and bottom tracings: 
thoracic and abdominal pneumographs • respec- 
tively, inspiration upstroke. A. Maintained in- 
spiratory response; B. expiratory apnea; C 
spasmodic response; D. atypical delayed spas- 
modic response. Time signal: 15 seconds. 
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Fig. 2. Effect of frequenc}' variation of the stimulating current on the spasmodic respiratory 
response. Frequency, in impulses per second, indicated by the numbers under the stimulation 
marker. Time signal: 15 seconds. Upper record: cat 10, voltage is constant at 12 volts. Optimal 
range of frequencies is from 7 to 25 impulses per second. Note at high frequencies the inspiratory 
cramp in the thoracic tracing and the exjiiratory apnea in the abdominal tracing. Lenuer record: cat 
40, voltage is constant at 8 volts. Optimal range of frequencies is from 2 to 10 impulses per second. 
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other occasions it might occur immediately superficial to a point yielding an ex- 
piratory apnea. In any event, the spasmodic response was always elicited most 
dorsaliy. 

Frequency and voltage characterislics. The spasmodic respiratory response can 
be elicited solely within w'ell defined and relatively small limits of frequency and 
voltage variation of the stimulating current. It can be seen from figure 2, cal 10, 
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Fig. 3. Effect of voltage variation of the stimulating current on the spasmodic respiratory 
response. Frequency’ is constant at 15 impulses per second in both records. Voltage is indicated in 
volts by the numbers under the stimulation marker. Time signal: 15 seconds. 



Fig. 4. Comparison of spasmodic res- 
piratory RESPONSES resulting from direct 
medullary stimulation and the stimulation of 
afferent nerves. Upper (racings: thoracic 
pneumograph; lower tracings: abdominal pneu- 
mograph. Time signal: 15 seconds. Cal 4, 
A. Medullary stimulation at 25 volts and 10 
imjiulses per second; B. glossopharyngeal nerve 
stimulation at 25 volts and 10 impulses per 
second. Cal jp, A. Medullary stimulation at 
8 volts and 4 impulses per second; B. superior 
laryngeal nerve stimulation at 18 volts and 4 
impulses per second. 


that with a constant current strength of 12 volts, the response is optimal in the fre- 
cjuency range of 7 to 25 impulses per second. At the low’ frequency end, the spas- 
modic rcs}>onse appears suddenly, whereas at frequencies above 25 impulses per 
se-cond it is restrained and replaced by an inspiratory cramp. Variation in voltage 
gives results which are similar to the efTcct of frequency change (fig. 3, cal 10). With 
constant frerquency at 1 5 impulses per second the response appears suddenly at 6 volts 
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and at 19 volts is merged into an inspiratory cramp. It should be pointed out that 
the results cited are for a single experiment and that there are differences in the opti- 
mal range of frequency and voltage from animal to animal (fig. 2, cal 40 and fig. 3, 
cat g). Nevertheless, it must be emphasized that the range of reactive frequencies 
is consistently below 40 impulses per second and in any given animal lies within fairly 
restricted limits. The effects of voltage variation are not as specific as those pro- 
duced -by frequency change, yet it is significant that the response is elicitable at 
moderate current strengths. Anesthesia is an important factor to be controlled, for 
the depth of anesthesia has a strong modifying effect on the current characteristics 
and may possibly cause complete disappearance of the response. 





Fig. 5. Sections of the medulla of the cat spaced at approximate!}' 1.5 mm. intervals between 
the levels of cranial nerves 3^1 and XII. Solid circles: maximal spasmodic respiratory responses. 
Ratio of positive to negative experiments at each level: A, (4/7); B, (ii/o); C, (6/2); D, (8/5); E, 
(2/3). DVes^ descending vestibular tract and nucleus; MVcs, medial vestibular nucleus; R, resti- 
form body; s, tractus solitarius and nucleus; SO, superior olivary nucleus; 10 , inferior olivary nucleus; 
T, trapezoid body; CS, corticospinal tract; LCN, lateral cuneate. nucleus. 

For routine exploration, a stimulating current at a frequency of 15 impulses per 
second and a strength of 8 volts was employed. In general, high frequencj’’ or voltage 
stimulation causes the spasmodic response to be converted into a characteristic in- 
spiratory cramp, and low frequencies and voltage tend to change it into an expirator)' 
apnea. However, numerous exceptions to this generalization have been seen. A 
possible effect of voltage or frequency variation which has been considered but never 
obser\^ed is the conversion of one type of spasmodic respirator)' response to some other 
t5q3e, for example, coughing to sneezing. 

DiscxrssiON 

Lumsden in 1923 (10) suggested the existence of a meduUaiy center for active 
e-xpiratory efforts similar to coughing and sneezing. His basis for this assumption is 
that these sudden forced respirator)'- acts are obtainable on stimulation of afferent 
fibers in the 5th and loth cranial ner\'es, and that the neural structures above the 
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level of the striae acousticae are not essential for these acts. In more recent years, 
the brain stem has been.explored extensively for respiratory reactivity by direct elec- 
trical stimulation (2-5) with the sole criterion being respiratory movement for the 
purpose of pulmonary ventilation. That the respiratory apparatus is also normally 
utilized for other important functions, as for expulsive purposes, is obvious. These 
later investigators have in general used stimulating currents with frequencies too 
high to elicit the spasmodic respiratory response observed in this study. Moreover, 
if the trachea is cannulated for spirometer recording, thus b)T>assing tlie glottis, it 
is quite difficult to recognize the nature of the spasmodic respiratory response and 
practically impossible to distinguish between the various types of spasmodic acts. 

Although pneumograph recording gives only qualitative information it has 
the advantage of not interfering with respiratory function, and also provides a means 
of separating the thoracic and abdominal components of respiration. The role of the 
abdominal musculature is of particular importance in expulsive respiratory acts. 
Contrar}'^ to the claim of Pitts (2) that the pneumograph cannot be used with ac- 
curacy, this recording method has been shown to faithfully reproduce a variety of re- 
spiratory activities (fig. i). 

' Using appropriate stimulus frequencies and strengths, the spasmodic respiratory 
center has been localized within relatively sharp boundaries in the periventricular 
substance of the lower brain stem. It is apparent from the illustrations in figure 5 
that the distribution of the reactive points is sparser in the most caudal and rostral 
drawings than in the levels B, C and D. This indicates that levels A and E represent 
the outlying limits of the region which has been defined by electrical stimulation as 
regulating spasmodic respiratory responses. Those structures implicated in the 
localization correspond mainly to the descending vestibular root and its nucleus, the 
tractus solitarius and its nucleus and related vagal cells. It has been shown by Pitts 
(ii) that the method of localization used in this study is accurate to within half a 
millimeter. This means that while the method has inlierent limitations, it is suffi- 
ciently exact to permit the designation of specific structures with reasonable certainty. 
A comparison of the localization of the spasmodic respiratory center with Pitts’ 
respiratory center shows a striking lack of conflict between the anatomical positions 
of the two centers. There appears to be very little overlap at those levels in which 
they are coexistent. 

Undoubtedly some of the responses elicited from the reactive points are the 
result of the stimulation of afferent fibers and tracts. Lumsden has induced expul- 
sive responses by electrical stimulation of the 5th and loth nerves or by blowing air 
into the nostri’. or larjmx. Teitelbaum and Ries (12), who stimulated the glosso- 
pharjmgeal nerve, described the response as an immediate marked respiratory aug- 
mentation. The recordings presented in figure 4 leave no question as to the close 
similarity between the responses obtained reflexly and those resulting from direct 
stimulation of the reactive region in the medulla. Nevertheless, the fact that the 
responsive points arc concentrated within a well defined region, and that the response 
is still centrally clicitablc after midbrain decerebration, is c\ddcnce for the existence 
of a spasmodic respiratory center in the rhombcncephelon. This view' is further 
strengthened liy an experiment performed by Lumsden in w'hich the forced expiratory 
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response was produced reflexly after decerebration, demonstrating that the central 
coordinating mechanism must still be intact. Furthermore, direct stimulation of the 
pontile region gave responses which did not satisfy the criteria for spasmodic re- 
spiratory acts, thereby serving to limit the rostral extent of the spasmodic respiratory 
center to the caudal edge of the pons. Having thus restricted b}’- the process of elim- 
ination the central mechanism for spasmodic acts to the myelencephelon, one must 
conclude that the spasmodic respiratory center lies within the reactive region shown 
in figure 5. 

It should be emphasized that the spasmodic response can be elicited only within 
very specific frequenc}'’ and voltage limits of the stimulating current. Although low 
frequency stimulation is a necessary condition for the production of the spasmodic 
response, the latter is not an invariable consequence nor is it an artifact associated 
with such stimulation. Structures outside the spasmodic respiratory center when 
stimulated with a low frequency current yielded no similar results. Indeed, Pitts 
has previously pointed out that reducing tlie frequency or voltage of stimulation in 
the medial reticular formation does not vary the form of the maintained respirator}’’ 
response but merely decreases its amplitude. This is in contradistinction to the 
marked altering effect which variation of frequency or voltage has on the spasmodic 
response. It is evident from the foregoing that the frequency and voltage characteris- 
tics necessary for eliciting the spasmodic respiratory response give it a firm basis as 
a physiological entity. In otlier words, the spasmodic response represents a real and 
coordinated action of the respiratory musculature specifically obtainable with a 
specialized stimulus from well defined medullary structures. 

There can be no doubt as to the close synaptic relationship of the spasmodic 
respiratory center with the medullary center localized by Pitts and his associates (2). 
Evidently there is a neuronal mechanism within the medulla which rhythmically 
activates the inspiratory and expiratory cells in the production of forced spasmodic 
acts. At the present time the importance of this mechanism in the regulation of 
normal rhythmic breathing can only be conjectured. Lumsden (13) postulated a 
pneumotaxic center in the pons. Later investigators (14-16) have further estab- 
lished the importance of the pneumotaxic center as a source of periodic inhibition of 
inspiration; they claimed that in animals with this pontile apparatus extirpated, 
blocking of the vagi results in apneusis. Although it is is generally agreed that the 
pneumotaxic center is located in the upper few millimeters of the tegmentum of the 
pons, direct stimulation of the pontile structures have given no obvious indications 
of the presence of this center. It is important to mention that the evidence for the 
existence of a pontile pneumotaxic mechanism has been based entirely upon com- 
plete or partial transection experiments, and that the accurac}'- of such procedures, 
in delimiting neuronal boundaries, is always questionable. Indeed, a number of 
workers (16, 17) have reported a modified t}’pe of rhythmic breathing in animals 
after pontile ablation and bilateral vagotomy. This is explained by Pitts (18) as 
attributable to remnants of the pneumotaxic center extending downward into the 
medulla. The topography of the spasmodic respiratory center in the myelen- 
cephelon, and the repetitive character of the response suggest that it may be related 
to the mechanism of pneumotaxis and may be a factor responsible for the residual 
breathing in the vagotomized and pontile transected animals. 
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The brain stem of the cat was stimulated with the aid of the Horsley-Clarke 
stereotaxic instrument and a spasmodic respiratory response which is recognized as 
coughing, sneezing and retching has been elicited (figs. 1-4). The central mech- 
anism regulating this response has been localized in the dorsolateral region of the 
myelencephelon including the structures corresponding to the descending vestibular 
tract and nucleus, the tractus solitarius and nucleus, and the vagal and glosso- 
phar3mgeal rootlets (fig. 5). Stimulation with low frequency (less than 40 impulses 
per second) and moderate voltage currents favor the occurrence of the spasmodic 
response (figs. 2 and 3). 

A possible relationship of the spasmodic respiratory center to the mechanism of 
pneumotaxis is discussed. 

The author wishes to express his appreciation to Dr. S. C. Wang for the invaluable suggestions 
given throughout the course of this study. 
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ACTION POTENTIALS IN RAT MUSCLE WITH TWITCH 
TENSION POTENTIATED BY KCl TREATMENT, 
ADRENALECTOMY, TETANUS AND TREPPE' 

SHEPPARD M. WALKER 

From the Department of Physiology, Washington University, School of Medicine 

ST. LOUIS, anssouRi 

I N A previous study (i) it was found that the response of rat muscle to single 
stimuli showed a greater developed tension and a longer contraction time in 
adrenalectomized animals than in normal controls. The increased contraction 
time and the prolonged action potentials observed after adrenalectomy led to the 
suggestion that repetition might account for a part of the increased tension. In the 
same report it was shown that the response of muscle potentiated intraperitoneal 
injection of KCl had a longer contraction time than the response of untreated muscle. 

Brown (2) studied the effect of K on the action potential in muscle of the cat 
after intra-arterial injection of KCl. This investigator observed a decrease in height 
of the action potential but he did not report a change in duration of the action poten- 
tial or an increase of contraction time of the KCl-treated muscle. 

In a recent report (3) it was shown that the increased tension in responses of 
muscle to single stimuli in rats treated with desoxycorticosterone acetate is accom- 
panied by repetitive action potentials. However, these potentiated responses 
differ from those seen after KCl treatment, adrenalectomy and tetanus in that they 
disappear after the third to sixth response to single stimuli. 

The present study was undertaken to determine the nature of the action poten- 
tials which accompany the responses to single stimuli in muscle showing increased 
twitch tension as a result of KCl treatment, adrenalectomy, tetanus or treppe. A 
preliminary report on this study has been made (4). 

JIETHODS 

The records were obtained under ether anesthesia from immature male rats weighing 150 to 
200 gm. Action potentials were recorded from the gastrocnemius muscle with a cathode ray oscillo- 
graph. Mechanical records of muscle contraction were made simultaneously using an isometric 
lever and optical recording as previously described (i). The cut sciatic nerve was stimulated with 
brief shocks three to four times threshold strength. Normal rats were injected intraperitoneally 
with 40 to 80 mg. of KCl per too gm. of body weight. The records were obtained from adrenalec- 
tomized rats after the appearance of signs of severe adrenal corte.x insufficiency, i.e., weight loss and 
muscular weakness. A few adrenalectomized animals were allowed to drink one per cent KCl solu- 
tion instead of tap water. Tetanus was produced by repetitive shocks at the rate of 200 per second 
for one to 10 seconds. Treppe was brought about by single shocks at the rate of one per second. As 
a basis of comparison, control records were made from rested muscle of normal rats. 

To obtain blood for analj'ses, the heart was exposed and artificial respiration was given. The 

Received for publication June 21, 1948. 
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blood was drawn from the left ventricle into a syringe moistened with heparin. The plasma was 
separated immediately by centrifugation. 

Plasma and muscle K were determined by the potassium phosphotungstate method of Van Slyke 
and Rieben (5). This method was modihed for determination of muscle K. The muscle was placed 
in a platinum crucible and dried to constant weight in an electric oven at io5°C. About 0.5 cc. of 
4 N H2SO4 per gm. of muscle was added and the crucible was placed under an Infra Rediator for 
about an hour. The crucible was then transferred to a cold muffle furnace and the muscle w'as ashed 
at 480 to 5oo°C. The ash was dissolved in i to 2 cc. of water containing one drop of concentrated 
HCl. The solution was transferred to a 10 cc. volumetric flask containing a drop of phenolphthalein 
indicator and was made up to volume. Ca(OH); was added until the solution became slightly alka- 
line. The solution was then left over night and was filtered the next day. Further dilutions were 
made depending on the size of the muscle. For i- to 2-gm. muscles a one to 100 dilution was used. 
Aliquots of 3 cc. were taken for analj-^ses. For determination of muscle Na, 3 cc. aliquots of the ashed 
muscle were determined gravimetrically as the uranyl zinc acetate by the Butler and Tuthill (6) 
method. Plasma Cl was determined by the Sendroy (7) method. The powdered muscle for Cl 
determination was mixed with five times its weight of sodium carbonate and ashed at 45o°C. The 
ash Avas dissolved Avith Avarm Avater made slightly acid Avith nitric acid and Cl Avas determined AAdth 
the Volhard titration. 

The extracellular AA-ater AA-as calculated from the ratio of muscle Cl to the concentration of Cl 
in the plasma AA'ater. It Avas assumed that all muscle Cl is extracellular. The AA'ater content of the 
plasma was considered 94 per cent. The calculations used to obtain the data shoAvn in table 2 AA-erc 
essentially the same as those described by Hastings and Eichelberger (S) and by LoAvry and Hastings 

(9)- 


RESULTS 

KCl treatment. In the first series of experiments action potential records were 
obtained with both recording electrodes placed in the belly of the gastrocnemius. 
The leads in this position have been found more effective than the belly and tendon 
leads for detection of repetitive discharges involving only a small portion of the 
muscle fibers (3). Results typical of the findings in 5 rats are shown in figure lA in 
the record taken 40 minutes after the intraperitoneal injection of 80 mg. of KCl per 
100 gm. of body AA'eight. Although the mechanical response Avhich accompanied this 
record shoAved a 60 per cent increase of twitch tension no repetitive discharges Avere 
seen. 

The decrease in height and increase in duration of muscle action potential pro- 
duced by prolonged treatment Avith KCl are marked AAdien one lead is placed in the 
belly of the muscle and the other lead is placed in the tendon or in a distant point 
(fig. iB). The gradual decrease in height and increase in duration of action poten- 
tial arc shoAvn in the records in figure iC. These changes in electrical response AA'ere 
accompanied by progresswe increases of contraction time and tAvitch tension. The 
percentage increase of tAvitch tension AAms approximately equal to the percentage 
increase of contraction time in the KCl-trcated muscle. For example, the mechan- 
ical response recorded 55 minutes after KCl injection (fig. iC) shoAved about 65 per 
cent increase in contraction time and about 70 per cent increase in tAvitch tension. 

When belly and tendon or belly and distant leads AA'ere employed, action poten- 
tial records Avere rather smooth before KCl treatment if the belly lead Avere placed 
near the surface of the muscle (fig. iB). Multiple peaks frequently appeared in the 
electrical records, hoAA'cver, Avhen the mechanical responses of the muscle AV'cre poten- 
tiated In K (fig. lit). Ky jilacing the belh' lead in the interior of the mu.sclc it Avas 
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possible to obtain action potential records with multiple peaks from the untreated 
muscle. These peaks, or components, showed temporal dispersion after KCl treat- 
ment (fig. 2, A and B). The dispersion was not uniform, however, because the peaks 
tended to overlap and partiall)’’ lose their identity. The latent period between the 
stimulus and the beginning of the action potential was two to three times longer after 
prolonged KCl treatment (fig. 2A). 

The relationship between decreases of action potential lieight and increases of 
action potential duration was not linear. The height of the action potentials dimin- 
ished more rapidly- during the first 20 minutes after KCl injection and less rapidly as 
potentiation of muscle tension progressed. On the other hand, the duration of the 
action potentials increased less rapidly during the first 20 minutes and more rapidl)'- 
during the subsequent period. These changes are shown in A and B of figure 3 
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• Fig. I, Effects of intraperitoneal injection of 80 mg. of KCl per 100 gm. of body weight 
on the muscle action potential and twitch tension of the gastrocnemius of the rat. The muscle was 
stimulated with single indirect shocks 3 to 4 times threshold strength. A. Action potentials with 
both leads in the belly of the muscle. B. Action potentials with one lead in the belly of the muscle 
and the other lead in a distant point of the animal. C. Action potentials (above) with belly and 
tendon leads and corresponding mechanical records of twitch tension (bdou<) . 


which is a diagram of the average and range of responses induced in 3 different ani- 
mals. It is interesting to note that the marked diminution in height of action 
potential during the first 20 minutes of KCl treatment is similar to that obtained by 
Brown (2) in the cat when intra-arterial injections of KCl were made. 

Marked increases of plasma K were found 1 5 minutes after KCl injection (table 
i). Slight increases of muscle K (table i) and intracellular concentration of K 
(table 2) were induced by 15 minutes of KCl treatment. Application of the data 
given in table 2 shows that consideration of changes in cell weight may account for 
70 per cent (118 X 900/874 = 121.5) of the increase of intracellular K. On the basis 
of changes in intracellular water 75 per cent (160 X 664/639 = 166) of the increase 
of intracellular concentration of K may be due to dehydration of the cells. The 
level of plasma K found in animals sacrificed about one hour after injection of KCl 
was slightly higher than that seen 15 minutes after KCl injection. Moreover, a 
greater increase of intracellular K was observed in the muscle of animals treated for 
one hour with KCl. The data in table 2 indicate that about 50 per cent of the in- 
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crease in intracellular K concentration, in muscle treated for one hour, is due to 
movement of water out of the cells. The percentage increase of extracellular K con- 
centration greatly exceeded the percentage increase of intracellular K concentration 
in all muscle treated with KCl (table 2) . Plasma and muscle Cl increased and plasma 
and muscle Na decreased during KCl treatment. Although the total water content 
of muscle was unchanged (table i), the intracellular water was decreased and the 
extracellular fluid was increased by KCl treatment. 




MiNuTtS ••jJtCTiON Of rCL 100 WC/iOOCM) 

Fig. 2. Effects of fntr/Vperitoxeal injectiox of 80 mg. of KCl per 100 gni. of Ijod}' weight 
on the gastrocnemius muscle action potential with one lead electrode placed in the center {inltrior} 
of the belly in such a position that several discreet points (1—5) were seen on the records. The other 
lead was in the tendon. The muscle was stimulated with single indirect shocks 3 to 4 times thresh- 
old strength. A. .\ction potentials with the time of recording indicated as minutes after KCl in- 
jection.^ B. Graph showing the temporal dispersion of the components in the action potentials 
shown in A. (The twitch contraction time increased from 18 to 32 msec, and the twitch tension 
increased 80 per cent during the progress of the experiment.) 

Fig. 3. Diagrams siiowixg the k,ee.\tion of twitch tension to action jiotential height (d) 
Md action potential duration (P) in 3 rats injected with 80 mg. of KCl per 100 gm. of body weight. 
The circles show averages and the horizontal bars show the ranges of values. 

Effects of adrenalectomy. It has been found that the muscles of adrenalcctomized 
rats develop tension 40 to 50 per cent greater than that seen in normal muscle in 
response to single stimuli (i). The muscle action potentials obtained with belly to 
tendon leads in the adrenalectomized animals show an increased duration when com- 
pared v, nth the action potentials from similarly placed leads in normal muscle. These 
experiments were repeated in 5 animals showing severe adrenal insufiiciencx’’ and the 
previous results were confirmed (fig. 4, A and B). Although the height of the action 
potentials in both adrenalectomized and normal animals varied considerably, pre- 
,uma ) \ dc{>ending upon the position of the lead electrodes with respect to the adjoin- 
ing muse c fibers, the duration of the action potentials was less variable and it was 
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:onsistently greater in the adrenalectomized than in the normal animals. In an 
ittempt to exaggerate the increase of potassium in adrenalectomized animals i per 
:ent of KCl was given in the drinking water. The plasma and intracellular K levels 
md the duration of the muscle action potentials (figure 4C) were increased by the 


Table i. Average values eor analyses of rat muscle and plasma 
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Table 2. Average values for distribution of water and potassiuji in muscle. Data derived 
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^ The values in this column include all extracellular material (i.e., collagen and elastin) not calcu- 
lated with extracellular fluid. 


drinking of KCl solution. However, tlie developed tension was about equal to that 
obsen’’ed in adrenalectomized animals receiving tap water. A study in 5 adrenal- 
ectomized animals with both leads placed in the belly of the muscle showed single 
muscle action potentials in response to single shocks. 

Effects of tetanus. Post-tetanic responses of normal muscle stimulated with 
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200 shocks per second for two seconds or less were accompanied by action potentials 
with reduced height and unchanged duration. The responses after tetanic stimu- 
lation for three seconds showed action potentials with further decrease in height and 
with shght increase of duration (fig. 5A). Further increases of the period of tetanic 
stimulation gradually decreased the height and increased the duration of post-tetanic 
action potentials. A marked increase of duration was obtained by 10 seconds of 
tetanic stimulation (fig. 5B). The time required for return to action potentials simi- 
lar to the pretetanic ones did not appear to be related to the duration of tetanus. 


Fig. 4. Effects of .adrenalectomy 
and of adrenalectomj- plus a one per cent 
KCl drinking solution on the action potent- 
ials and twitch tension. A. Comparison of 
action potentials and twitch tension in the 
gastrocnemius muscle of normal (n) and adren- 
alectomized (.L) rats. B. Comparison of 
action potentials in the gastrocnemius muscle 
of normal (n) and adrenalectomized-KCl- 
treated (.\ -p i % KCl) rats. The action po- 
tential records were made with bellj' and 
tendon leads and they are superimposed. 
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Fig. 5. Action po- 
tentials AND MYOGRAMS 
shmring the eSects of 
tetanus on post-tetanic 
responses. A. Respon- 
ses before and after 3 
seconds of tetanus at 200 
shocks per sec. B. Re- 
sponses before and after 
to seconds of tetanus at 
200 shocks per second. 
Stimulation was indi- 
rect. 
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For e.xample, the time for recoverj'- of the pretetanic form of the action potential was 
appro.ximately 3 minutes both for a 3-second tetanus and for a lo-second tetanus 
(fig- 5) sod B). The marked increases of action potential duration observed after 
prolonged tetanic stimulation were not accompanied by proportional increases of 
post-tetanic {xitentiation of tension. In other words, maximal potentiation was 
attained by three to five seconds of tetanic stimulation. The contraction time and 
the relaxation time in post-tetanic twitches were either less than or about equal to 
those seen in pretetanic twitches up to the point of maximal potentiation. Pro- 
longation of the period of tetanic stimulation beyond the point of maximal poten- 
tiation induced greater contraction times and slower relaxation rates in post-tetanic 
re>5)<nise.«; than those found in pretetanic responses. 
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Post-tetanic responses of muscle 30 minutes after intraperitoneal injection of 
KCl showed further decreases in height and increases in duration of action potentials. 
The peak twitch tension attained b}'- tetanus after KCl treatment was greater than 
that attained by tetanus alone. No evidence of repetition was seen in post-tetanic 
responses of normal or of KCl-treated rats. 

Effects of treppe. There is no significant change in either height or duration of 
action potentials in responses potentiated by single shocks at one per second. Brief 
periods of tetanic stimulation at the point of maximal potentiation of tension resulting 
from treppe brought about further increases of tension in the post-tetanic responses 
to single shocks. The action potential records of these post-tetanic responses showed 
increased duration and decreased height. 

Muscles potentiatied by intraperitoneal injection of KCl showed increases of 
twitch tension during treppe which were about equal to the increases seen in treppe 
of normal muscle. Since the muscle was alread}'' potentiated by K before the begin- 
ning of exercise the tension attained during treppe in KCl-treated muscle exceeded 
that obtained by treppe in untreated animals. The action potentials in the KCl- 
treated muscle underwent little change during treppe. It should be noted that they 
were already reduced in height and increased in duration before exercise was begun. 

DISCUSSION 

The findings in this study confirm the observations by Brown and Euler (10) and 
Feng and Li (ri) that marked potentiation of muscle response may be obtained by 
KCl treatment in the absence of repetitive discharges. The twitching which may 
occur during close intra-arterial injection of KCl (12, 13) is independent of the poten- 
tiated twitch responses to single shocks. The observation that the preponderance 
of K excess is extracellular throughout the period of KCl treatment (tables i and 2) 
suggests that action of K on the membrane of the muscle fibers may pfay an impor- 
tant role in bringing about i) increased duration and decreased height of the action 
potential, 2) increased contraction time and 3) increased twitch tension in response 
to single shocks. 

The changes in positions of the multiple peaks in the action potential, recorded 
in figure 2A and shown diagrammatically in figure 2B, indicate that dispersion in time 
of these components contributes to the change in form of the action potential during 
the progress of KCl treatment. Two factors may be involved in the temporal dis- 
persion of fiber responses in indirectly stimulated muscle: a) unequal delay in initia- 
tion of response of different muscle fibers and b) decreased conduction rate. The 
increase of the latent period between the stimulus and the beginning of the action 
potential showed that the start of the response of aU fibers is delayed by KCl treat- 
ment. The delayed beginning of the endplate potential in frog muscle treated with 
KCl (14) suggests that the increased latent period between stimulus and action poten- 
tial is due to an action of K at the neuromuscular junction. It is obvious that the 
height would be reduced and the duration would be increased in the composite action 
potential to the extent that the dela}’- of response of the component muscle fibers is 
unequal. The appearance of multiple peaks in the action potentials of muscle poten- 
tiated with KCl (fig. iB) is regarded as evidence that the response of a part of the 
muscle fibers is delayed more than that of other fibers. 
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Granting that the conduction distance between points of excitation and points 
of recording is unequal in the various muscle fibers, a decrease of conduction rate 
would result in dispersion of the components of the action potential and thus bring 
about a decrease in height and an increase in duration of the composite action poten- 
tial. Recently, Brown el- al. (15) have shown that addition of adrenalin to a bath 
containing a phrenic-diaphragm preparation of the rat induced an increase in dura- 
tion of the muscle action potential, which they attributed to a delay of the spread of 
the excitation wave in the individual muscle fibers. An earlier report (16) is of 
particular interest in connection with the present study because it was shown that 
the potentiating effect of adrenalin on the diaphragm preparation is dependent upon 
reduction of the K content of the bath fluid. 

On the basis of the discussion thus far no change in the height or the duration of 
the gross action potential would be expected in the absence of dispersion of the com- 
ponents contributing to the action potential. However, two possible effects of K 
remain which might alter the form of the action potential independently of dispersion. 
A decrease in rate of depolarization and repolarization would increase the duration of 
the action potential. Furthermore, a decrease of the resting potential by K excess, 
as has been shown by many reports, could conceivably result in a decrease in height. 

With the exclusion of repetition as a factor only two effects remain which may 
account for the increased contraction time of K potentiated twitch responses: a) 
dispersion in time of the response of the different fibers and h) prolongation of con- 
traction time of the individual fibers contained in the muscle. Moreover, to account 
for the increase of twitch tension resulting from KCl treatment two assumptions may 
be made: a) the contraction time of the muscle is increased and h) the contractile 
strength of the muscle fibers is increased. Obviously any dispersion of response of 
component muscle fibers would result in a decrease of twitch tension provided the 
contraction time of individual fibers remained constant. On the other hand, any 
increase of contraction time of the individual muscle fibers would bring about an 
increase of twitch tension, provided a given amount of dispersion existed, because the 
fibers responding early would allow more effective summation with the contraction 
of fibers responding late. 

The view that K increases the contraction time of muscle fibers is attractive 
because it offers an explanation, at least in part, for the observed increase both of 
tension and of contraction time in the potentiated twitch. Furthermore, this view 
lends itself to the implication of an extracellular action of K on the membrane. 
Kuffler (17) has shown that K and vcratrine contractures last for the duration of the 
membrane changes which they induce. He suggested that the essential condition for 
initiation of processes in the contractile mechanism is the ‘removal’ of at least a part 
of the membrane and that any process restoring the membrane will also cause relaxa- 
tion. The duration of membrane ‘breakdown’ during a single response of a ICCl- 
treated muscle may be regarded as increased, if it is assumed that conduction is slowed 
and that the depolarized area is not decreased. Any increase of the depolarized area 
would further increase the duration of membrane ‘breakdown’. If the interpreta- 
tion-s regarding contractures are extended to apply to contractions, it is plausible to 
sviggest that the contraction time of a muscle fiber may be increased by increased 
<h!rafiot! csf membrane ‘breakdown’ rc.sulting from passage of the e.xcilation wave. 
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The author is not aware of any experimental evidence to support the suggestion by 
Brown and Euler (10) and Walker (i) that at least a part of the potentiating effect 
of K on twitch tension is due to increased contractile strength, presumably involving 
an action of K on the muscle fiber substance. The present study does not rule out 
intracellular action of K but it does suggest an extracellular potentiating effect. 

The above observations, that in KCl-treated muscle there is increase of twitch 
tension, increase of twitch peak time and increase in duration of action potential, are 
readily brought into harmony with the hypothesis offered by Gilson el al. (18). Their 
treatment of the tension-time course for the twitch assumed instantaneous mobiliza- 
tion of an increment of material as a first step in a series of chain reactions. If activa- 
tion of KCl-treated muscles is such that the process of activation or mobilization 
is not instantaneous but occurs over a significant period of time and, at least for 
purposes of argument, proceeds at constant rate, there would result an increase of 
contraction time and an increase of peak tension for the response to a single shock. 
The form of the twitch response would thus resemble that of a very brief tetanus. 

Fenn and Cobb (19) found that tetanic stimulation brings about a decrease of K 
m the stimulated muscle of the rat. It was later shown (20) that tetanic stimulation 
of muscle in the cat produces an increase of plasma K. The decreased action poten- 
tial height and increased action potential duration seen after tetanus (fig. 5) offered 
additional support for the view that a preponderance of K outside of the cells may 
be important in bringing about these changes in action potential. Also in this con- 
nection it should be pointed out that in a muscle already potentiated by K the char- 
acteristic changes of the action potential induced by K are exaggerated by tetanus. 

The absence of significant changes of the action potentials during stimulation at 
one shock per second suggested that at this frequency of response K does not accumu- 
late in appreciable quantity in the extracellular fluid immediately surrounding the 
muscle fibers. There is apparently a graded effect upon the action potentials which 
is dependent upon both frequency and duration of stimulation. For example, 
tetanus produced with a stimulus frequency of 200 per second induced a slight de- 
crease of actioA potential height and no change of action potential duration in post- 
tetanic responses of muscle stimulated for one to two seconds. Tetanic stimulation 
for two to three seconds at the same frequency induced greater decrease of action 
potential height and some increase of action potential duration (fig. 5A). Tetanic 
stimulation for 10 seconds brought about a marked decrease of action potential 
height and a marked increase of action potential duration (fig. 5B). 

The prolonged muscle action potential in adrenalectomized rats (fig. 4A) con- 
firmed the earlier findings (i), but they did not support the view that repetition is 
involved with the large mechanical responses to single shocks in these animals because 
none of the leads employed showed any evidence of repetitive discharges distinguish- 
able from the initial action potential. It is now believed that the changes found in 
the muscle action potentials of adrenalectomized rats may be due, at least in part, to 
increases of the intracellular and extracellular concentration of K. Increased me- 
chanical response to single shocks is perhaps related to changes in concentration of K. 

STBUIARY AM) CONCLUSIONS 

Action potential records with various positions of the lead electrodes were 
made in muscle with twitch responses potentiated by KCl treatment, adrenalectomy. 



72 


SHEPPARD M. WALKER 


V oltime 154 


tetanus and treppe. The records of action potential showed no evidence of repeti- 
tion in any of the potentiated responses although the increased peak twitch tension 
in muscle of KCl-treated and adrenalectomized animals was accompanied by in- 
creased contraction time. KCl treatment and tetanus induced a decrease in height 
and an increase in duration of muscle action potentials. Adrenalectomy brought 
about an increase in duration of action potential records. Because the height of 
the action potential is dependent upon the number of muscle fibers contributing to 
the action potential no conclusions were drawn with regard to height, although the 
height was usually smaller when compared with action potentials of normal muscle 
having similarly placed leads. No significant change in the action potential records 
was found in responses potentiated by treppe induced by single shocks at 1 sec. 

Possible effects of K on asynchrony of response, on conduction rate and on the 
rate of depolarization and repolarization were considered. The relation of these 
effects to changes in the action potential records was discussed. It was suggested 
that an increase of extracellular K may play an important role in bringing about the 
decrease in height and the increase in duration of the muscle action potentials. It 
was pointed out that the slight increase of intracellular K in the KCl-treated muscle 
is accompanied by a much greater increase of extracellular K. It was further noted 
that tetanus increases plasma K (20) and that KCl treatment induces changes in the 
muscle action potential similar to those seen after tetanus. It was suggested that K 
excess may increase the duration of membrane 'breakdown’ and thus increase the 
contraction time and the strength of contraction of muscle fibers. The possibility 
that an intracellular action of K in excess might increase the contractile strength of 
the muscle fiber substance was not excluded. 

The author is incichteri to Marian Schmied for the chemical analyses and for technical assist- 
ance. 
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BRAIN METABOLISM IN EMOTIONAL EXCITEMENT 

AND IN SLEEP 

D. RICHTER AND R. M. C. DAWSON 
From the N citropsychiatric Research Ceiilre, Whitchurch Hospital 

CARDIFF, SOUTH WALES 

E ATDENCE has been obtained that the metabolic activity of the brain is in- 
creased in convulsions, trauma, anoxia and shock. This is indicated by the 
rise in lactic acid and decrease in high-energy phosphorus compounds found 
in the brains of animals killed under these conditions. Conversely, there is a fall in 
the lactic acid in the brain and an increase in labile phosphate in animals killed under 
anesthesia (1-3). The present investigation was carried out to test if evidence could 
be found of similar biochemical changes in the brain in sleep and in emotional e.xcite- 
ment under normal physiological conditions. 

JDETHODS 

Lactic acid estimations were carried out on the whole brains of young Wistar 
albino rats of 30 to 40 gm. The animals were killed by immersion in liquid air, which 
produced a rapid fixation of an}'- biochemical changes in the tissues and limited the 
formation of lactic acid in the brain by post-mortem glycolysis. 

Method of fixing with liquid air. Stone (1) found it took 2 to 3 seconds to freeze 
the brain of a mouse, but Le Page (3) found it took about 40 seconds to freeze com- 
pletely with liquid air the abdominal organs of a 300-gm. rat. In view of the rapidity 
of post-mortem changes in the brain, the rate of freezing was reinvestigated with 
rats of the size used in the present work. Experiments with a calibrated thermo- 
couple inserted into the cranial cavity of 3S-gm. rats showed that the surface of the 
cortex fell to o°C. in 4 to 5 seconds on immersion of the whole animal in liquid air. 
With the thermocouple in the deeper parts of the brain the temperature remained 
practically stationar}' at 37°C. until a sudden drop in temperature occurred, bringing 
it below o°C. in 9, 20, g and 16 seconds in four consecutive experiments. While it 
clearly took several seconds for the wave of freezing to spread from the surface to the 
interior of the brain, it is unlikely that the circulation of the central parts of the brain 
stopped immediately or that true post-mortem changes occurred in the interior of the 
brain throughout the whole of this period. This view is supported by the work of 
Kerr (4), who found that satisfactoty phosphagen figures can be obtained by applying 
liquid air to the skulls of young cats, in which the process of freezing the brain must 
take much longer. The observed lowering of the brain lactic acid in sleep, which was 
found in the present investigation, gave further evidence that post-mortem changes 
during the process of freezing were probabl}’- not extensive with the technique em- 
ployed. 
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In obtaining normal values the rats were transferred rapidly from their cages 
into the liquid air, as any delay in this procedure tended to frighten them and caused 
the brain lactic acid level to be raised. Killing by decapitation and subsequent freez- 
ing of the heads was found to be less satisfactory as it gave much higher lactic acid 
figures for normal animals: in three experiments the brain lactic acid figures obtained 
by this method were 43, 37 and 47 mg. per cent when the heads were transferred to 
liquid air in 2, 3, and 15 seconds respectively after decapitation. Kerr also found 
autolytic changes more marked after decapitation than when the brain was frozen 
in the whole animal. The reason may be that with the circulation cut off the brain 
rapidly becomes anoxic and glycolysis proceeds in the interior during the period of 
freezing through from the surface. 

Lactic acid estimation. After careful dissection the frozen brains were powdered 
in a previously cooled crusher and the powder was transferred to weighed centrifuge 
tubes containing 4 ml. zinc sulphate solution at o°C. as described by Biather^vdck, 
et al. (5). The method of estimation was that of Friedemann, Cotonio and Shaffer 

(6) , with the modifications and improvements introduced by Friedemann and Graeser 

(7) , Edwards (8) and Stone (i). Although more laborious, this method was found 
to give more accurate and more reliable figures than the colorimetric methods of 
Miller and Muntz (9) and Barker and Suirunerson (10). The distillation apparatus 
was similar to that used by Stone (i), but made all in one piece and therefore contain- 
ing no joints, tap-grease or rubber connections. Talc powder was found more satis- 
factor}’- than glass beads to prevent bumping. The use of the copper hydroxide pre- 
cipitation made the method ver>'- specific for lactic acid and recovery tests with a 
standard solution of recrystallized lithium lactate, which were repeated with each 
experimental series, gave recoveries within 3 per cent of the theoretical with quanti- 
ties down to o.i mg. lactic acid. 


RKSUI.TS 

Normal series. In a preliminary series of 10 normal rats taken in the resting 
state the brain lactic acid level ranged from 13.4 to 24.4 mg. per cent with a mean of 
18,8 (table i). This figure agreed with the mean of 18.9 mg. per cent for mouse brain 
found by Stone (i), who also found a wide range of individual values ranging from 12 
to 23 mg. per cent. 

Brain lactic acid- in sleep. The animals comprising the normal series were mainly 
litlermates'of almost identical size and weight and in looking for an explanation for the 
wide individual variation in the brain lactic acid level, it was noted that lower values 
were generally given by animals which were dozing at the time when they were trans- 
ferred to the liquid air, while higher values were obtained with animals which were 
wide awake. The investigation of the brain lactic acid in sleeping animals met with 
considerable difficulty until it was found that deep sleep could be induced by leaving 
the rats for a time in strong sunlight. Artificial sunlight was equally effective.* 
Dozing animals opened their eyes at once when touched, but animals in deep natural 
sleep did not open their eyes or appear to wake up in the brief period of ]e.ss than a 
second required to transfer tliem from their cages into liquid air. This was therefore 
taken as the criterion of sleep. .\ series of 6 rats taken in the slce{>ing stale showed 
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less individual variation in the brain lactic acid and a mean level of 12.2 mg. per 
cent, which was considerably lower than that of the normal series. The difference was 
statistically significant (P <o.oi) when tested by Fisher’s ‘V test (table 2). The 
mean for sleeping animals approached the mean of 9.8 mg. per cent lactic acid found 
for a group of rats lightl}’’ anesthetized for a period of 8 to 30 minutes with nembutal. 


Table i . Lactic Acro content of brain in norxlal rats 


Rj\T NO. 

\VT. OF KAT 

1 

1 LACTIC ACID 

RE^tARKS 



mg. % 


I 

36 

16.2 

Dozing 

2 

i 38 

16.7 

Dozing 

3 

40 

20.1 

Awake; resisted handling 

4 

48 

17.9 

Resting; slight movement 

5 

43 i 

24.4 

Quiet 

6 

31 i 

22.6 

Moving 

7 

1 

31 

1 

22.3 

Awake; resisted handling 

8 

25 

^5*5 

Dozing 

9 

23 

13-4 

Quiet 

10 

40 

19. 1 

Quiet; resisted handling 

Mean 


i 

1 18. 8 

1 


Recover^' of lithium lactate standard 98%. 


Table 2. Lactic acid content or rat brain in sleep and in anestiiesia 


A. SLEEP 

B. ASXSTIIESIA 

• Rat no. 

Lactic acid 

Rat no. 

Period of anesthesia 

Lactic acid 


ins 

% 


VlitK 

mg. % 

I 

12 

3 

7 

s 

13-2 

- 

10, 

3 

8 

8 

/•7 

3 

II 

9 

9 

15 

8.0 

4 

10. 

8 

10 

15 

4.8 

3 

13- 

9 

II 

30 

15-4 

6 

14- 

I 




Mean 

12. 

2 



9.8 


Recovery of lithium lactate standard 98%. Brain lactic acid in normal rat included in this 
series 17.5 mg. %. Period of sleep about 30 min. Anesthesia obtained by intraperitoneal injection 
of nembutal 50 mg/kg. 


Effect, of emotional excitement. Of the various methods of producing emotional 
excitement which were tried, the simplest was that of repeatedly removing their 
support by allowing them to drop from side to side in a glass beaker. There was a 
good deal of individual variation in their response to this treatment and some animals 
were less disturbed by it than others. Often there was a latent period of up to half 
a minute in which they showed little reaction, but finally they all gave objective 
e\ddence of fear, as by urinating, defecating and looking frightened. A few of them 
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made vigorous muscular movements and tried to jump out of the vessel, but more 
often they remained perfectly still and gave up trying to right themselves, so that little 
muscular exercise was involved. There was probably an element of anger as well as 
fear in their emotional state, for some of the rats were ready to bite when in this con- 
dition; but it may be doubted whether the emotional reactions of the rat can be ac- 
curately described in terms which are mainly applicable to man. 

Estimations of the lactic acid content of the brains of rats taken after being 
frightened for i| to 4 minutes by the method described gave consistently higher values 
than those of normal littermate controls which were examined at the same time. In 


Tables- Effect of evotional excitement and exercise on the laCtic acid 

CONTENT OF THE RAT BRAIN 


A, rRIGHTENED 

B. FRIGHTENED AFTER TUBOCURARINE 

C. MUSCULAR EXERCISE 

Rat no. 

Lactic acid 

Rat no. 

Lactic acid 

Rat no. 



»BS. % 


% 


mg. % 

I 

47-2 

12 

34.5 

17 

13-9 

2 

24. 2 

13 

36-5 

18 

15-2 

3 

45-7 

14 

29.4 

19 

13-9 

4 

3 < 5-7 

15 

37.4 

20 

15.0 

5 

40.2 

16 

40.7 

21 

iS -4 

6 

34-8 



22 

13.0 

7 

34.0 





8 

23-7 





9 

32.2 





10 

SO . 3 





II 

43-5 





Mean 

37-5 


35-5 


14.4 








a) Period of frightening li to 4 min. b) Rats given tubocurarine and after about 5 min., when 
the muscles were relaxed, frightened for 2 to 3 min. The blood lactic acid in 3 rats decapitated 
after treating them in the same manner was 17.8, 22.8 and 18.8 mg.%. All blood samples were 
taken from the carotid artery after decapitation, c) Exercise was vigorous running for 4 min. Re- 
covery of lithium lactate standard 99%. 

> 

the frightened animals the lactic acid content ranged from 24.2 to 50,3 mg. per cent 
with a mean level of 37.5 for a series of ii animals. The difference was statistically 
significant (P <o.oi), (table 3). 

Experiments in which the period of emotional excitement was varied showed that 
the rise in brain lactic acid in emotional e.\'citement was a rapid process (fig. i), which 
must correspond to a relatively high rate of metabolic activity in the brain. When 
the e.Kcilation was discontinued, the brain lactic acid soon came back to normal again 
and normal values were generally obtained within five minutes after discontinuing 
the stimulus. The rise in the brain lactic acid appeared to be a transient effect and 
there was a good deal of individual variation in the rate of rise and fall, as some ani- . 
mals were more easily frightened and remained frightened longer than others, 

hjjcc! of muscular exercise. As far as could be judged from simple obscrv^at^o^, 
the rise in brain lactic acid in the previous e.vperiments corresponded closely with the 
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degree of emotional excitement and showed no relation to the muscular activity ob- 
served in a number of the animals; but since it is known that muscular exercise can 
cause a rise in the blood lactic acid level, the effect of muscular exercise on the brain 
lactic acid required careful investigation. The blood lactic acid level is 12 to 18 
mg. per cent in the normal rat. In 3 rats taken after four minutes of emotional ex- 
citement the blood lactic acid was found to have risen to 52, 47 and 67 mg. per cent; 
but, assuming the blood content of the brain to be approximately 5 per cent, the blood 



Fig. I. SuOWIXG EFFECT OF EMO- 
TIONAL EXCITEMENT on the brain lactic 
acid. The points on the left of the 
diagram are normal values, the hori- 
zontal line at 1S.8 mg. % giving the 
normal mean. The points on tlie right 
of the diagram give lactic acid values for 
rats sacrificed at the times given on the 
time scale. The method of frightening 
was continued for 4 min., except for 
animals killed after a shorter period of 
frightening. 


Ti'rnc min 3 . 


lactic acid could not nearly account for the mean level of 37.5 mg. per cent found in 
the brain. It was unlikely in any case that the brain lactic acid could have come from 
the blood, since the blood-brain barrier is relatively impervious to anions and it has 
been shown by Dameshek and Myerson (ii) and by Stone (i) that lactic acid in- 
jected into the blood stream is not taken up significantly by the brain. This has 
recently been confirmed by Ellein and Olsen (12), who showed in addition that the 
brain lactic acid is not increased by intravenous glucose, so that it was unlikely that 
emotional hyperglycemia had played any part. It was concluded that the brain 
lactic acid was formed in the brain and had not come from the blood. 

The view that the rise in lactic acid in the brain in emotional excitement was not 
attributable to muscular activity was confirmed in a series of e.xperiments in which 
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rats were excited after administering tubocurarine, so that muscular activity was 
practically abolished. The eiSective dose for this purpose was o.i ml. of a solution 
of O.I mg/ml. d-tubocurarine chloride per 40-gm. rat, given intraperitoneally. With 
this dose the respiration w'as not unduly embarrassed and the animals were not 
cyanosed, but muscular activity was greatly diminished. Emotional excitement pro- 
duced the same rise in brain lactic acid in these animals, the figures ranging from 29.4 
to 40.7 with a mean of 35.5 mg. per cent, although the blood lactic acid remained 
almost in the normal range (table 3). It therefore appeared that the rise in lactic 
acid in the brain in emotional excitement could not be attributed to the accompanying 
muscular activitj'-. 

In a series of further experiments designed to test directly the effect of muscular 
exercise alone on the brain lactic acid it was necessary to take special precautions to 
avoid emotional excitement, for it is hardty possible to induce untrained animals to 
take lugorous muscular exercise without exciting them. With this object in inew a 
series of young rats weighing about 15 gm. were slowly conditioned to running for 
periods up to four minutes twice daily on an exercising wheel. After training in this 
way for eight days, by which time they iveighed about 35 gm. they took their exercise 
without showing any signs of anxiety and indeed they appeared to enjoy it. Brain 
lactic acid estimations on a series of 6 trained rats after a period of four minutes 
vigorous running gave figures ranging from 13.0 to 15.2 with a mean of 14.4 mg. per 
cent. There was thus no evidence of any rise in the brain lactic acid in muscular 
exercise: the mean level after exercise was even somewhat below that of the norma 
series. This may be due to the effect of frequent handling in reducing their anxiety 
when handled. 


DISCUSSION 

It has been shown that the lactic acid content of the rat brain, analyzed after 
rapid fixation by freezing in liquid air, depends on the physiological state of the animal 
at the time. Rats taken in the sleeping state gave a significantly lower brain lactic 
acid content than controls in the normal waking state. Rats taken during emotional 
excitement gave a brain lactic acid level considerably higher than the normal and 300 
per cent above the mean level for sleeping animals. Unless it is believed that these 
changes occurred in the brief period of freezing with liquid air, it must be concluded 
that they represent biochemical changes occurring in the brain iu tivo under normal 
physiological conditions. 

Muscular exercise appeared to play no part in the rise in lactic acid in the brain 
in emotion since c) the effect was still observed in animals immobilized by tubo- 
curarine and b) no rise in the brain lactic acid occurred in muscular exercise alone 
without emotional excitement. The lactic acid content of the brain is not increased 
by adrenaline injection (i, 12) and the rise in lactic acid in the brain in emotion was 
observed in the absence of any significant rise of lactic acid in the blood. The sim- 
plest c-xplanation of these obscr\*ations is that in emotional excitement the increased 
functional activity of the brain is associated with increased glycolytic activity, in- 
volving a hre-akdown of high energy phosphorus compounds and the liberation of 
i.ictic add. The changes in the br.ain would thus parallel those which occur in func- 
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tional activity in muscle. This view is supported by the work of Stone (i) and Le 
Page (3) on the changes in the brain produced by anesthetic and comnilsant drugs. 
That biochemical changes occur in the brain in emotion is indicated by the changes 
in -the electroencephalogram, as also by the chromatolysis in the nerve-cells in pro- 
longed emotional excitement. 

The results of the present investigation are in general agreement with the obser- 
vations of Stone and of Le Page, but the})- suggest that the rise in brain lactic acid in 
exercise observed by Stone should be attributed rather to the emotional excitement, 
wliich is hardly avoidable when untrained animals are made to take strenuous exer- 
cise. Emotional excitement ma}'' contribute to the biochemical changes in the brain 
produced in some cases by drugs and in experiments such as those of Le Page on 
experimental shock. Gibbs ci al. (14) reported that the brain normally liberates a 
small but-significant amount of lactic acid into the blood, as shown by arterio-venous 
differences in experiments on man. This gives evidence of the formation of lactic 
acid in the brain under normal physiological conditions. The present work suggests 
that the rate of formation of lactic acid varies vnth the functional activity of the 
brain, being lowered in sleep and increased in emotional excitement. 

SUMMARY 

The lactic acid content of the rat brain is reduced in sleep and increased in emo- 
tional excitement. The rise in lactic acid in the brain in emotion is not due to con- 
comitant muscular activity, since the effect was still observed in animals immobilized 
by tubocurarine. The brain lactic acid was not raised by muscular exercise in trained 
animals. The rise in lactic acid in the brain in emotion is a transient effect, followed 
by a rapid return to normal when the stimulus is discontinued. 

The authors thank the Medical Research Council for a whole time grant to one of us {R. M • 
C. D.) and for a grant for expenses; the Rockefeller Foundation and the Royal Society for grants 
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INTRACIIANIAL NOVOCAIN ANESTHESIA IN FROGS 


BRUNO KISCH 

From the Physics Department, Mount Sinai Hospital 

NEW YORK CITY 

R ecently a method of anesthetizing fish (i) by the injection of 0.25 to 
i.o cc. of a 3 to 7 per cent novocain solution into the cranial cavity was 
s. described. Fish treated in this way are immobilized after a short excitation 
stage; the effect of the injection lasts from 30 to 60 minutes. They continue to 
breathe and if the head is kept submerged in a small seawater tank the- heart can 
be used for a long time for experiments. 

The usual way to immobilize or anesthetize frogs is either to use curare or to 
use the method of crushing the brain and spinal cord. This procedure causes a 
variable loss of blood. Therefore the use of intracranial novocain injections (i) was 
tried for frog experiments too. The method proved as effective here as in fish. For 
the e.xperiments big bullfrogs were used, weighing between 250 and 500 gm. The 
solution of procaine hydrochloride (Novocain) used was between 3 and 5 per cent 
in strength. From 0.4 to 0.6 cc. of the solution was injected. The skull of frogs 
is harder to pierce than that of even a big selachian. Therefore somewhat stronger 
needles (20-gauge) were used. The preferred place for introducing the needle into 
the skull is caudally of the middle of a line connecting both eyes. The injection 
can also be made through the palate. In both methods the needle remained in some 
experiments in its place up to the end of the experiment to make sure afterwards 
that its apex was really in the cranial ca\dty. 

Within a few minutes the animal was anesthetized and immobilized after a short 
time of excitation. About an hour later the animal recovered. If brought back 
into the basin it was in each instance found to behave normally the next morning 
and the following days. The experiment could be repeated on the same animal on 
the next day. It may be open to discussion whether the fading of the procaine effects 
is due to rcabsorption and elimination, or to destruction of novocain by a procaine 
esterase. Up to the present time there has been no proof of the existence of a procaine 
esterase in frogs. In a previous paper, however, it was shown that the blood of 
turtles contains an amount of jwocainc esterase, the strength of which is between 
that of a rabbit and a cat (2). 


OnSKRVATIOXS ON I’KOGS ANESTHETIZED WITH INTRACRANIAL NOVOCAIN INJECTIONS 

few ohserv’ations made on such animals in procaine narcosis maybe mentioned. 
1 he fir.«t effect as a rule is a short e.xcitation stage similar to that found in fish. At 
die !;eginning of the immobilization, leg reflexes could still be elicited. Pinching 
or pressing of tlie foot produced a fle.xor reflex of the homolateral leg. In dce[)er 
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narcosis somelimes also only a flexor reflex of the contralateral leg followed the 
stimulus. Even at a time when these reflexes could no longer be provoked in the 
frog suspended by both arms or lying on its back, the legs were alwa\’'s brought 
spontaneously to their normal position, if the frog was put on its belly. That hap- 
pened spontaneously as well as in the way of a reflex after pinching a leg. At a time 
when the leg reflexes were still present, they were easily exhaustible (fatigue) and 
in some instance if tried two or three times in quick sequence they were no longer 
elicited. After a minute of rest they could again be produced. 

The fact that the occurrence of these reflexes depends on the position of the 
animal could be shown in various ways. At a certain stage of anesthesia the leg 
reflaxes could not be jjroduccd if the animal was lying on its back with its legs on the 
table, but could be produced easil)' if the animal was lying on its back as before but 
with the leg hanging over the edge of the table. Another reflex, cas\' to produce, 
also proved to be dependent upon the animal’s position. If the animal were lying 
on its back it was possible b\' tapping its belly or its flanks or by lightly touching 
tlie ventral part of the upper tliighs to provoke a croak reflex. I'liis reflex could 
not be produced if the frog were lying on its belly. 

In a former paper it was mentioned that fish narcotized by intracranial novocain 
injections showed at the beginning or the end of the narcosis a nystagmus (i) as 
previously seen in rabbits (3) during intravenous nembutal narcosis. In none of 
the frogs could anything similar to real nystagmus be seen. When the frogs re- 
covered from narcosis, however, the following behavior could be observed. The eyes 
were rhythmically protruded and retracted and whenever the bulbi were protruded, 
the eyelids were opened wide, the nostrils closed and the flanks drawn in. This 
e3’’e movement could either appear spontaneously or be provoked by touching an 
eye of the animal or its bell3^ It resulted sometimes in groups of such rhythmic 
contractions lasting a few minutes. 

SU 1 IM.‘\RY 

A method is described for immobilizing and anesthetizing frogs by intracranial 
injection of approximately 0.5 cc. of a 3 to 5 per cent solution of novocain. The 
anesthesia which follows a short stage of e.xcitation lasts about one liour. It is fol- 
lov/ed bj’' complete recover3\ 

During the anesthesia the behavior of reflexes and the influence of the position 
of the animal on leg reflexes and croak rcfle.xes were studied. During the time of 
recovery a kind of nystagmus equivalent appeared spontaneousl3’-, or it could be 
provoked as a reflex b3’’ touching the C3’^eball or the bell3\ 

The kindness of Dr. Sergei Fcitclberg in placing at my disposal material and equipment of the 
Physics Department of Mount Sinai Hospital is highly appreciated. 
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DESCENDING NERVE FIBERS SUBSERVING HEAT MAIN- 
TENANCE FUNCTIONS COURSING WITH THE CEREBRO- 
SPINAL TRACTS THROUGH THE PONS' 

ALLEN D. KELLER 

From the Department of Physiology, Baylor University College of Medicine 

IIOUSTOX, TEXAS 

^URING a study concerned with determining whether any of the neiwe 
\ fibers subserving heat maintenance functions decussate at the midbrain 
or pontine levels (i), Ave were led to suspect that some of these fibers 
descend from the hypothalamus in close association with the cerebrospinal tracts. 
I'lie experiments described in this paper were designed to test this probability. 

METHODS 

Operative. The dorsal aspect of the inferior colliculus was exjiosed by elevation and retraction 
of the occipital lobe. A small rigid jirobe was projected downward along the midline until the base 
of the skull was reached, then withdrawn slightly, after which it was pulled laterally through the 
soft tissue of the stem. In this way a hemisection of the stem was accomplished. except for sparing 
a small amount of tissue ventrally and medially. The same procedure was subsequently carried out 
on the opposite side. The end result was a complete transection of the dorsal aspects of the brain 
stem, leaving, from preparation to preparation, a varjdng amount of ventral tissue unsevered. It 
was c.ilculated that in certain instances the onlj' descending fibers left unsevered would be those in 
the in-ramidal bundles {dog 76, fig, i). 

Po.'ilnpcralhx Management. The animals were maintained in 28 to 30° C. incubators post- 
ojicratively until there was evidence (raised rectal temperature and shivering) that some heat 
maintenance functions were retained. They were then removed to hammocks at ordinary room tem- 
Iierature (24° to 26° C.). In the event no heat maintenance ability became evident, tliey were main- 
tained continually in 28° to 30° C. incubators. On the morning after operation (20 hours postopera- 
tive;, the animal’s heat maintenance powers were assayed by placing it in an environment of 3° to 
fo’ C. for a 0- or S-hour jicriod as previously described (2). .-Vfter this test the animals were placed 
on a hammock in an environmental temperature of 24° to 26° C. and the rectal temperature followed 
for several hours. Some prejiarations were terminated on the second day after operation, while 
others were continued for several daj-s. These latter were usually terminated by sjiontancous death 
of the unimahs. 

Tissue: Method of Determining Extent of Lesion. The animals which were terminated were 
done so under full sodium pentobarbital anesthesia by opening the thorax and cutting Urc superior 
vena cava. It wa‘= then perfused through the left heart with 0.9 per cent saline solution followed with 
!o j>er cent neutral lormalin. The cadaver was placed in a refrigerated box for several hours to alio"' 
ioT maximal hardening of the central nervous system. The brain was then removed, blocked and 
tnmmed, .and returned to formalin for a period of 24 hours. The extent of the lesion was determined 
ii) by careful gross inspection after removal of the pia and h) by cutting through the unsevered tissue 
!-i a transverse direction or by cutting the brain stem sagittally along tlie midline. 

Tn the anim.-'.h which were found dead, the bniin was removed carefully and placed in 10 per 
I ent rieutnil formalin for 2.', hours, at which time the pia was removed and the biock containing the 
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lesion was cut out and trimmed apiiropriately. Tliis block was returned to 10 i)er cent formalin for 
an additional 24 or 48 hours. 


RESULTS 

It was found that we could routinely section the greater part of the dorsal 
brain stem tissue at the level of the pons without materially affecting the animal’s 
ability to combat a cold environment. There was some variable deviation from 
the normal in the heat maintenance powers in these animals, as shown by a mild 
drop in rectal temperature during the earh'^ part of the cold environment test and 
an overshooting of rectal temperature with a continuation of shivering be3^ond the 
termination of the test. They alwa3^s, however, combatted successfull3’' an environ- 
mental temperature of 5° to io°C. for 6 to 8 hours, during which time the rectal 



A B_ - 

Fig. I. A. PjiOTOGRAi’ii OF VENTRAL SURFACE of brain of dog 76, showing the level and c.vlent 
of transection. B. Photograph of cross-section of caudal portion of brain stem after unsevered 
l)ortion of p3TamidaI bundles was cut through with a razor blade. It is to be noted that die dorsal 
one third or one half of pyramidal bundles was severed bj' the operative procedure. 

temperature fell at the most 2°C., witli prominent generalized shivering throughout 
the test. 

The record for the d-hour 5°C. test on dog S5 is shown in figure 2C. It ife to be 
noted that the deviation from the normal in this animal consisted of a) a drop in 
rectal temperature from 39.4°C. to 38°C., which was regained during the test, 

b) the abrupt rise of the rectal temperature to 4i°C. on cessation of the test, and 

c) a continuation of generalized shivering for several hours after the cessation of the 
test. It is to be noted from the photograph in figure 2A that the lesion cut through 
the lateral aspects of the pons, but that the entire medial portion of the pons re- 
mained undisturbed. The photograph in figure 2B shows tlie amount of the ventral 
tissue of the stem which remained unsevered. This can be seen to be the tissue of 
the pons proper. 

It was also found, on the basis of several successful experiments, that we could 
routinely cut all the tissue of the brain stem except for the pyramidal bundles as they 
become exteriorized at tire caudal extent of the pons, without eliminating all heat 
maintenance powers. In these instances there was a greater deficit during the test 
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Fig. 2. .,<1 . Photograph OF VENTRAL SUR- 

FACE of brain of dog S5, showing level and lateral 
extent of transection. It is to be noted that the 
lesion was symmetrical on both sides and involved 
onU' the lateral aspect of the pons ventrallj’. B. 
Photograph of medial aspect of right half of brain 
.stem of dog 8^, showing level and extent of tran- 
section. It is to be noted that a slight amount of 
the tissue immediatel}' dorsal to the pons re- 
mained unsevered. C. Graph of cold environ- 
mental temperature tests on dogs Sz, 85 and 88. 
See text for further details of these animals. 



lug. 3. .1 . PjIOTOGRAPir or VENTRAL .SURFACE 

of brain of dog ■/(), showing level and extent of 
transection. Note that all of the ti.s.suc was tran- 
sected at the caudal level of the pons, except for 
the pyramidal bundles. B. Photograph of medial 
as;>cct of left half of brain stem of dog yp. showing 
level and extent of transection. It is to be noted 
that all of the ti,ssue at this level was completcl}- 
transectecl c.xcept for the pyramidal bundlc.s. For a 
short distance immediately dorsal to the px-ramidal 
filers, the le.sinn is not filled with blood clot ami can 
he seen only by careful ins[>cction as a thin tissue 
defixt. C. Graph of cold environmental tcmf>cra- 
turc tests '■in dogs 70, 8; am! 8S. 
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than in the former group, but considerable maintenance powers were always in 
evidence. These features were well shown in the experiment on dog jg, the results 
of which are illustrated in figure 3. 

This dog’s rectal temperature on the morning after operation was 39°C., after 
being housed during the night on a hammock in a room at 2S°C. When placed 
in a io°C. emdronmental temperature, the animal immediately began atypical 
shivering (slight and periodic), and the rectal temperature fell precipitantly. After 
two hours, continuous vigorous shivering began, and the rate of fall in rectal tempera- 
ture decreased accordingly. 

In addition, it was found that considerable gross encroachment upon the dorsal 
aspects of the pj^ramidal bundles was compatible with the sparing of considerable 
heat maintenance powers. This was evident in dog 76, the extent of the transection 
being illustrated in figure i. Although this dog died before a cold environmental 
test was run, it maintained a rectal temperature of 3S.5°C. when housed on a ham- 
mock in a room at 25°C., and under these conditions exhibited typical generalized 
shivering. 

If the. transection was complete, the animal exhibited no heat maintenance 
abilities (3). The response of a dog (dog 88), which had a complete transection 
except for a few strands of pyramidal fibers, illustrates this fact and is reproduced 
in both figures. This animal showed no evidence of any maintenance powers during 
the cold box test on the day after operation; however, it did possess remnantal 
powers as shown by a 'regulation interval’ ranging from io°C. the day after operation 
to i3°C. on the tenth postoperative day. 

The responses of the above described animals to the cold environment test 
are contrasted in figures 2 and 3 with that of dog 82, which had the pons hemisected 
on the right side the day previous to the test. This dog exhibited a mild postopera- 
tive hyperthermia which frequently follows a major traumatic lesion at the level of 
the pons, but responded normally to the cold environment test. 

DISCUSSION 

Although the foregoing experiments were entirely acute in type, they clearly 
demonstrate that some thermogenic fibers, both shivering and nonshivering, descend 
as a component part of the pyramidal bundles at the level of the pons. 

The experiments do not give any reliable indication as to the relative proportion 
of the over-all heat-maintenance fibers which descend through the pons with the 
cerebrospinal fibers. The fact that there was some deficit in heat maintenance 
powers in these animals does not necessarily indicate that the number of heat main- 
tenance fibers coursing in the pyramidal bundles is inadequate to maintain normal 
maintenance functions, because some of the fibers may have been temporarily 
defunctioned by the lesion sequelae. This question can be answered only by chronic 
e.xperiments. 

To find tliermogenic fibers coursing in the pyramidal bundles is, of particular 
interest for two reasons. First, recent anatomical evidence has demonstrated that 
fibers other than those taking origin from the pyramidal or Betz cells course with 
the cerebrospinal tracts, many of which conform to the conventional anatomical 
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criteria for classifying them as autonomic fibers (4). Second, clinically vasomotor 
and related autonomic disturbances have long been observed on occasion to be asso- 
ciated with intracranial crises localized to or closely associated with the cerebrospinal 
tracts (5). 


SUMMARY 

The entire pons save for sparing the pyramidal bundles was transected in dogs 
without eliminating heat-maintenance powers. 
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EFFECT OF ALLOXAN, PANCREATECTOMY AND ADRENA- 
LECTOMY ON PLASMA AMINO NITROGEN IN THE DOG 
AS STUDIED BY MEANS OF HEMORRHAGE^ 

DANIEL L. KLINE= 

From the Department of Physiology, College of Physicians and Surgeons, Columbia University 

NEW YORK CITY 

E ndocrine influences in nitrogen metabolism have been investigated 
largely through studies of changes in N excretion and in the NPN level of 
the blood, produced as a result of hormone injection or removal of the gland 
concerned. In this manner it has been demonstrated that injection of the growth 
hormone (i) and of androgens (2) cause N retention, whereas injection of estrogens 
(3), thyroxine (4) and the adrenal steroids (5) increase N breakdown. From a 
study of the rate of accumulation of NPN in the blood of nephrectomixed dogs, 
Mirsky (6) concluded that the administration of an anterior pituitary extract which 
contained the growth hormone induced N retention only when the pancreas was 
present. Lack of insulin was held responsible for this effect. 

Recently, YTiite and Dougherty (7) by analyses of various tissues have secured 
evidence which indicates that the cortical steroids cause mobilization of N from 
lymphoid tissue, and that the injection of thyroxine is followed by a removal of N 
from the carcass. 

It is difficult to study the influence of hormones on N metabolism by means of 
plasma amino N changes because of the remarkable stability of the amino acid level 
of the blood. However, it has been shown in the rat, that following hemorrhage 
liver function is depressed (8), and the blood amino N level rises (9). A rise in the 
arterial amino N level and a significant femoral arterio-venous amino N difference, 
indicating the hberation of amino acids from the muscles of the leg, were demon- 
strated after hemorrhage in the dog (10). 

In this paper are reported the arterial plasma amino N levels and the femoral 
A-V amino N differences in a) alloxan-treated, b) depancreatized and c) adrenal- 
ectomized dogs before and after a standard hemorrhage. 

PROCEDURE 

Approximately 55 mgm/kgm. of alloxan were injected into each of a series of 
dogs. In a few instances additional, larger injections were made if the fiurst dose 
proved inadequate to produce a sustained hyperglycemia. Only those animals in 
which the blood glucose remained above 185 mgm per cent were used. The experi- 
ments were performed at least three days after the last injection. 

Received for publication June 7, 1948. 
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The depancreatized animals were maintained with protamine Zn insulinate 
until the incisions had healed. No supplement was added to the ordinary diet of 
commercial ‘Friskies’. Insulin was withdrawn two to five days before the experi- 
ments were performed. 

The removal of the adrenal glands was carried out in two stages. Each gland 
was removed in one sharply delineated mass. After the second operation, the 
animals were maintained with commercial Doca and given 0.9 per cent sab’ne to 
drink. The injections of Doca were stopped at least two days before the experi- 
ment. The 5 animals upon which successful experiments were carried out ate well 
and maintained their body weights after operation. Food was withheld for 14 to 
24 hours prior to each experiment. 

Comparable degrees of hemorrhage were produced without anesthesia by the 
method of Walcott (ii). The animals were bled from, and 25 per cent of the bleed- 
ing volumes were immediately returned into, the right femoral artery. In the 
adrenalectomized dogs, 30 per cent of the bleeding volume was reinfused in an effort 
to extend their survival periods. None of the animals reported on in this paper 
sur\dved the hemorrhage. 

The procedure for obtaining simultaneous (within two minutes) blood samples 
from the left femoral artery and vein with minimum disturbance to the circulation 
has been described elsewhere (10). Blood samples were taken before bleeding and 
at hourly (half-hourly in the experiments on adrenalectomized animals) intervals 
until death occurred. Those taken within 20 minutes of death are designated as 
terminal. 

Blood glucose was determined by the method of Somogyi (12) and plasma amino 
N was estimated by the manometric ninhydrin method (13). All data are presented 
in terms of mgm/ioo cc. of plasma. 


RESULTS 

Arterial Plasma Amino N. The average control arterial plasma amino N 
levels of the alloxan-injected, depancreatized and adrenalectomized dogs and the 
changes in these values after hemorrhage are shown in table i. The average values 
which were found previously in a series of otherwise untreated, similarly bled dogs 
(10) are included for comparison. The survival periods have been divided into 
quarters, each approximating one hour, except for the adrenalectomized animals in 
which each quarter of the survival period averaged 20 minutes. 

The arterial blood glucose levels of the alloxan-injected dogs averaged 258 
mgm. per cent (range 187 to 375) and those of the depancreatized animals, 294 mgm. 
per cent (range 244 to 385). 

1. Before hemorrhage. The average control arterial amino N value of 8 alloxan- 
injected dogs was 4.41=1:0.45 mgm per cent, and of 8 depancreatized dogs, 7.27^=0.78 
mgm. per cent, as compared with that of the control series which was 3.65^=0.10 mgm. 
per cent. Statistically, there is a significant difference between each of the three 
scries fp<o.oT). Adrenalectomy in 5 dogs caused no change in the arterial level, 
the values avcniging 3.89*0.26 mgm. per cent (table i), 

2. After hemorrhage. Both the control and the alloxan-injected animals showed 



July ig4S 


PLASMA AMINO NITROGEN IN THE DOG 


89 


an increase in the arterial amino N levels after hemorrhage. The two series did not 
differ significantly from each other as to the magnitude of the increase which oc- 
curred. The depancreatized dogs, however, after a similar hemorrhage, showed no 
significant change in the concentration of arterial amino N. Since the depancreatized 
dogs had higher control values, the average arterial levels of the normal and alloxan - 
injected, bled animals approached tliat of the depancreatized dogs during the course 
of the hemorrhage. Statistically, the change from the control value of the depan- 
creatized series differs significantly from that of the normal and alloxan series in 
each quarter of the survival period (p<o.oi). 

The adrenalectomized dogs proved so susceptible to stress that it was impossible 
to obtain survival times longer than one and one half to tu’o hours despite the rein- 
fusion of 30 per cent of their bleeding volumes, whereas only 25 per cent was returned 
to the dogs in the other series. However, it is evident (table i) that despite an 
average sur\dval time of only 80 minutes the arterial level rose in a manner compa- 

TaBLE I. ArTERI^VL I'LASMA AJUNO NITROGEN LEVELS (BEFORE AND AFTER HEMORRHAGE) 

( 

i PLASMA AMINO NITROCK-N' IN MGM. PER 100 CC. 


EXPERIJtKNT 

No. 

of 

Dogs 

Control 

j Survival Time 

No. of 
Dogs 1 

' I 

1 

i 

?. 1 

4 

Terminal 

Normal 

35 

3.6s±o.io1 

16 

4.764=0.15 

5.164=0,20 

5.844=0.20 

7.204=0.32 

Alloxan^ 

8 

4.4i±o.44 

8 i 

S-S5±o-49 

5.494=0.55 

6.054=0.66 

8.534=0.71 

Depancr.®. ... 

8 

7.27±o.77 

5 i 

6.694=0.46 

6. 544=0.52 

6.604=0.56 

7.664=0.94 

Adrenx- 

5 ; 

3.894=0.26 

5 

4.864=0.25 

5.54:t0.2I 

6.174=0.25 

6.924=0.37 


‘ Mean ± standard error of mean 

- Average blood glucose 25S mgm. per cent (range 187-375). 

^ Average blood glucose 294 mgm. per cent (range 244-385). 


rable to that observed in the control, bled dogs whose survdval times averaged four 
hours. 

Femoral Arterio-venous Plasma Amino N Differences. The femoral A-V amino 
N differences of the alloxan-treated, depancreatized and adrenalectomized animals 
before and after hemorrhage are shown in table 2. In all instances the venous level 
was higher, that is, amino N was added to the circulating blood as it passed through 
the leg. 

I. Before hemorrhage. The A-V amino N differences averaged o.32±o.i9 mgm. 
per cent for the adrenalectomized, 0.52=120.17 mgm. per cent for the alloxan-injected 
and 0.82=1=0.43 mgm. per cent in the depancreatized dogs as compared with 0.18=1=0.04 
mgm. per cent in the normal series (table 2). The difference between the normal 
and the alloxan series (p=o.o3) and between the former and the depancreatized 
series (p = o.o2) is of borderline significance. One of the animals injected with 
alloxan and two of the pancreatectomized dogs, however, showed a release of amino 
N into the blood far greater than was ever observed in the control animals. One of 
the adrenalectomized dogs had a negative A-V difference, that is, the concentration 
of amino N was less in the blood leaving than in that which entered the leg. 
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2. Afler hemorrhage. As a result of the type of hemorrhage used in these experi- 
ments, the blood flow through the leg in control and diabetic animals decreased to 
approximate!}’’ 20 per cent of the pre-hemorrhage value (14)- The femoral A-A^ 
differences tend to be magnified by the smaller quantity of blood flowing through 
the legs. After hemorrhage the average A-V difference of the aUoxan-injected dogs 
was approximately one and one half, and that of the depancreatized animals was 
five times as great as the average value found in the control, bled series (table 2). 
Statistically, the post-hemorrhage A-V differences of the three series are significantly 
different from each other (p <o.oi). 

The adrenalectomized dogs showed no rise in their average A-V differences 
after hemorrhage, and, indeed, one animal had a negative control A-V difference 
which became increasingly more negative throughout the survival period. 


Table 2. Femoral arterio-vekous amino nitrogen differences (before and 

AFTER hemorrhage)* 




A' 

V .IMISO NITROGEN DIFFERENCES IN MGU. PER 100 CC. 


r.XPKRIMr.NT 

No. 




Survival Time 



of 

Control 







Dors 


No. of 
Dogs 

1 

! * 

i 

4 

Terminal 

Normal 

16 

0. i8±o.o4 

lO 

o.5i±o.oS 

i 

o.7id:o.i2 

o.66:to.i4 

o.45:tO' 1° 

.Alloxan ... 


o.52±o. 17 

B 

o.97±o.i4 

I . 24±0. 20 

1 .404=0. 26 

0.79=1:0.44 

Depancr 

H 

o.82d=o.43 

B 

2.73±o.72 

3.254=0.69 

3.014=0.55 

3. 14=1:0. Si 

.Adrenx . 

m 

o.32±o. 19 

B 

0.3ld:0.25 

0. 2 1 ±0.49 

o.20:to.47 

0.11:1:0.33 


* In all instances the venous levels were higher. See footnotes to table i. 


'riie blood volumes, bleeding volumes and survival times of the control, alloxan- 
injected and depancreatized animals were almost identical. In addition, measure- 
ments of the blood flow through the femoral vein before and after hemorrhage (14)) 
show remarkable agreement between the three series of animals in the vascular 
response to the hemorrhage. From these measurements, it would appear that the 
changes in plasma amino N levels observed may be ascribed to metabolic rather than 
purely vascular differences between the types of experimental animals used. 

mscussiox 

A significant elevation in the arterial amino N level was found in alloxan-in- 
jected and depancreatized animals within one week following the production of 
hyperglycemia (table i). The addition of amino N to the blood as it passed through 
the leg was also greater in diabetic animals than in control dogs (table 2). 

Tlic significance of alterations in the plasma amino N level is not known al- 
though values above normal are usually associated with liver damage. An elevation 
in the blood amino N level has been described after experimental pancreatectomy 
(15), and in human dialictics (16, 17). The latter authors reported that insulin 
!ov.ere<l the blood amino N level of their patients. A decrease in the blood amino K 
level after the injection of insulin into normal animals has also been described (iS). 







July ig4S 


PLASMA AMINO NITROGEN IN THE DOG 


91 


Differences in amino N metabolism between alloxan-injected and depancreatized 
dogs, in which the extent of hyperglycemia was approximately the same, are indi- 
cated by the data obtained. The arterial amino N level of the depancreatized dogs 
was significantly higher than that of the animals injected with alloxan. A further 
difference appears in the response to hemorrhage. Whereas the arterial level of the 
dogs injected with alloxan increased in a manner closely resembling the response 
obtained in control, bled dogs, hemorrhage produced no significant alteration in the 
arterial amino N values in animals from which the pancreas had been removed. 
The changes in the concentration of amino N as the blood passed through the leg 
likewise reveal significant differences between the two series, the values being greater 
in the depancreatized animals. Hemorrhage did not alter this relationship; the 
A-V difference in each series increased proportionately, and the hberation of amino 
N from the muscles was greater in depancreatized than in alloxan-injected animals. 

The failure of a post-hemorrhagic rise in the plasma amino N level to occur in 
depancreatized dogs cannot be ascribed to increased excretion in the urine, since, 
following the hemorrhage, the animals were anuric. In the depancreatized dog 
subjected to the stress of hemorrhage, as compared with intact or alloxan-treated 
animals under the same conditions, therefore, much larger amounts of amino N 
were removed from the blood stream by the liver. 

The elevated arterial amino N levels of the diabetic animals may be caused by a 
disturbance of the equilibrium between amino acid production and removal, re- 
sulting in a shift of the equilibrium toward a higher plasma amino N level. This 
‘higher setting of the thermostat’, however, is not a reflection of an impaired ability 
of the liver to remove amino acids because in the depancreatized animals, in which 
peripheral production was the greatest, the arterial amino N level did not rise after 
hemorrhage. 

A direct toxic effect of alloxan upon the liver may e.xplain the differences in 
amino N metabolism observed between the alloxan-injected and the depancreatized 
animals, although those animals which were mjected several times with increasmg 
amounts of alloxan showed no difference in response from animals injected onl}’- 
once. It is also possible that in the depancreatized animal deprived of many of its 
proteolytic enzymes, the mobilization and utilization of endogenous nitrogen sources 
may proceed at an accelerated rate. Until this possibility is explored, the postula- 
tion of a second hormone in the pancreas would not appear to be necessary. 

The adrenalectomized animals cannot be compared directly with the other 
series because of differences in the vascular response and the marked susceptibility 
of these animals to stress. However, the animals showed amino N changes the 
magnitude and direction of which are of interest. Thus, the average arterial amino 
N level of the adrenalectomized dogs did not differ from that of the untreated series 
either before hemorrhage or in any quarter of the survival period even thougli their 
total survival times averaged only 80 minutes as compared with 4 hours for the con- 
trol, bled series (table i). The average femoral A-V difference of the adrenalec- 
tomized animals, in contrast to the results obtained from control, bled dogs, showed 
no rise following hemorrhage. This observation lends support to the theory ad- 
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vanced by Long, Katzin and Fty (19) that the adrenalectomized animal is unable 
to mobilize its endogenous nitrogen at a normal rate. 

Comparison of the rates of peripheral production of amino N after hemorrhage 
as measured by femoral A-V differences in depancreatized and adrenalectomized 
animals reveals no correlation between the output of amino N from the muscles and 
the arterial levels observed. For example, despite the fact that there was no in- 
crease in the liberation of amino acids after hemorrhage in adrenalectomized animals, 
the arterial level increased as much in 80 minutes as it had in 4 hours in normal, 
bled dogs. On the other hand, depancreatized dogs showed no increase in the 
arterial level after hemorrhage in spite of a large addition of amino acids from the 
legs. It would appear, therefore, that the plasma amino N level in these experi- 
ments was not dependent upon the rate of production but that regulation of the 
arterial level was determined by the rate of removal of amino acids from the cir- 
culation. 


Arterial plasma amino N levels and femoral arteriovenous amino N differences 
were determined in alloxan-injected, depancreatized and adrenalectomized dogs 
before and after a standard hemorrhage, and the values obtained were compared 
with those from a series of normal, bled animals. 

'J'lie average control arterial level was elevated in alloxan-injected dogs, 4.41 
mgm. per cent, and was much higher in depancreatized animals, 7.27 mgm. per cent, 
as compared with the control series, 3.65 mgm. per cent (table i). Following hemor- 
rhage the average arterial level rose in the alloxan-injected and normal animals but 
showed no change in the animals of the depancreatized series. 

d'he average control femoral A-V amino N differences, which indicate the ad- 
dition of amino acids to the blood from the muscles of the leg, were higher in alloxan- 
injected, and much greater in depancreatized, than in normal animals. After hemor- 
rhage tiie A-V differences increased in each series, maintaining, however, the same 
proportionate relationship (table 2). 

Significant differences between the alio.xan-injected and the depancreatized 
dogs apjieared in a) the arterial level, b) the response in the arterial level after hemor- 
rhage and c) the amino X difference. 

1 lie average control arterial level of the adrenalectomized dogs and the rise 
v.hidi occurred in each quarter of the survival period after hemorrhage did not differ 
from that of the animals of the normal series even though their survival times aver- 
one-third that of the normal series. The average femoral A-V amino N 
<>hu,rv.ncc:^ in adrenalectomized dogs showed no increase after hemorrhage. 

In': author i? inrlchicd to Dr. Walter S. Root and Dr. Alfred E. Wilhelmi for their valuable 
-CHif.,; tn tlif preparation of the nianu.'^cript. 
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ALLOXAN DIABETES IN SHEEP UNDER FASTING AND 
NON-FASTING CONDITIONS 

ESTHER L. McCANDLESS*, BARBARA A. WOODWARD and J. A. DYE 
From the Department of Physiology, Cornell University 

ITHACA, NEW YORK 

I NVESTIGATION of the diabetic state in the calf (i, 2) and goat (3) have in- 
dicated that the processes regulating carbohydrate metabolism in ruminants 
differ in certain respects from those of carnivores, from which much of the 
knowledge of carbohydrate metabolism has been derived. As von Mering and 
Minkowski (4) showed in 1889, pancreatectomy in the dog results in a syndrome 
similar to severe diabetes mellitus in man. Subsequent work has shown that hyper- 
glycemia, ketonemia, and marked increases in glucose, ketone, and nitrogen excre- 
tion in the urine accompany the clinical signs of polydipsia, polyuria and polyphagia 
in this group of animals. 

In the depancreatized calf, however. Cook and Dye (i) reported a very mild form of diabetes. 
H>']3erglyccmia was present when the calf was fed, but hj^oglycemia developed when feed was with- . 
held. Greeley (3) found that the depancreatized goat can maintain a healthy state, even without 
the administration of insulin. 

The discover}’ of Dunn et at. (5), that intravenous administration of alloxan monohydrate, a 
derivative of uric acid, causes necrosis of tlie insulin-producing cells of the pancreatic islets in rabbits, 
has opened a new era in research on intermediary metabolism. McCandless and Dye (2) reported 
low glucose tolerance and glycosuria, but normal blood glucose levels, in a calf treated with alloxan. 
Alloxan diabetes in goats was found to be moderately severe by Saviano (6). Jarrett (7) observed 
severe dialjctes in sheep treated with alloxan, and a high degree of susceptibility to the toxic effects 
of llie drug. In a preliminary paper from this laboratory (8), studies of 2 alloxan diabetic ewes were 
rej)orled. The present paper is a continuation of that work. 

METHODS 

Alloxan diabetes was produced in 8 grade sheep by the intravenous adminis- 
tration of alloxan monohydrate (Eastman), in doses of 125, 100, and 75 mg. per 
kgm. in sheep i, 2, and j through S, respectively. The drug was dissolved, immedi- 
ately before use, as a 5 per cent solution in sterile distilled water. It was then in- 
jected rapidly into the jugular vein. Blood samples were taken for glucose deter- 
mination immediately preceding tlie injection, and at selected intervals during the 
fir.st 24 hours. On subsequent days, blood glucose was determined at 8 or 9 a.m. 
and an aliquot of the 24-hour urine was analyzed for glucose, ketones and nitrogen. 
Nitrogen determinations could not be carried out on some samples because of fecal 
contamination. The blood was analyzed for ketones several times in the experi- 
rnent.'d jieriod of each animal. 

I’cceivc^l JO.’- pubIic.'ttion M.iy 104S. 

Mtccipicni nf fdlov.-.lups from the' Cans Fund of Fethany College, Bethany, W. Va., 1946 
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After preliminary studies of blood and urine chemistry, all food was withdrawn 
and the sheep were studied under fasting conditions. It should be pointed out that 
the ruminant continues to absorb nutrients for several days after the initiation of the 
fast, as a consequence of the large amount of material in the rumen. Experimental 
observations in this laboratory indicate that postabsorptive conditions are not at- 
tained until the 3rd or 4th day of the fast. 

The survival period of each animal was determined. Immediately after' death, 
pieces of pancreas, liver and kidne}'- were removed, fixed both in Bouin’s and in 
Zenker’s solutions, and imbedded in paraffin. The tissue sections were stained with 
hematoxylin and eosin. 

Blood and urine glucose was determined by the Somogyi-Shaffer-Hartmann 
method (9) ; urine glucose was corrected for non-fermentable reducing substances by 
the use of a yeast blank. Muscle and liver glycogen was determined by the method 
of Good et al. (10), and similarly corrected for non-fermentable reducing substances. 
Ketones were determined b}’- the Ravin modification of Behre-Benedict method (ii), 
and nitrogen by the macro-Kjeldahl method (12). 

RESULTS 

Initial Response to Alloxan Injection. A triphasic glycemic response, namely, 
initial hyperglycemia, secondary h)'-poglycemia and then permanent diabetic hyper- 
glycemia, was observed in all cases except sheep 5 (table. i). Following the adminis- 
tration of alloxan, the blood glucose level rose steadily, reaching its peak of 92 to 
217 mgm. per 100 ml. within 4 to 8 hours. A maximal hypoglycemia of 14 to 31 
mgm. per 100 ml. was observed at the 9th to the 14th hours. Despite the low values 
of blood glucose, no symptoms of hypoglycemia were present. This phase was 
missed in sheep 5, in which hyperglycemia was present each time the blood glucose 
was determined, namely, at 4, 9, ii, and 13 hours postinjection. 

Twenty-four hours after the injection, diabetic hyperglycemia had been es- 
tabUshed in all but one of the sheep. In sheep i, which showed a prolonged hypo- 
glycemia, blood glucose did not ascend to diabetic levels until the 38th hour. 

Toxic effects of alloxan were observed in two animals. Sheep i became weak 
13 hours after receiving 125 mgm. of alloxan per kgm. Anuria was present from the 
ith hour, and despite the administration of large amounts of saline and diuretics, 
8t continued until death at 85 hours. As a consequence of renal failure, retention of 
iglucose, nitrogen, and ketones was severe; 72 hours after the injection of aUoxan, the 
blood glucose level was 665 mgm. per 100 ml., blood nitrogen 167 mgm. per 100 ml. 
and blood ketones 36 mgm. per 100 ml. Histological studies showed both hepatic 
and renal tubular damage. 

In sheep 5, which received 75 mgm. of alloxan per kgm., renal failure did not 
become apparent immediately; the blood non-protein nitrogen had been normal on 
the 8th day. Two days later, the blood glucose level rose from 233 to 341 mgm. per 
100 ml, although the animal was fasting. On the iith day, the hjqDerglycemia had 
reached 852 mgm. per 100 ml. Administration of 180 units of crystalhne zinc insulin 
(Lilly) in the next 24 hours lowered the blood glucose to 75 mgm. per 100 ml. How- 
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ever, renal damage, evidenced by anuria present from the loth day, caused death 12 
days after alloxan administration. Autopsy and histological studies showed glomeru- 
lar and tubular damage in the kidney and fatty changes in the liver. 

Alloxan Diabetic Stale, a) Metabolic studies. It can be seen from table 2 
that the blood glucose levels of diabetic sheep are three to four times higher than 
those of normal sheep, in which the range is 35 to 65 mgm. per 100 ml. That, the 


Table i. Initial glyceotc response to alloxan injection, mgm. i*er cent 


HOUSS POST' 

SHEEP NO. 

INJECTION 

1 

2 

3 

4 

s 

6 

7 

8 

0 

45 

56 

38 

40 

54 

63 

40 


,1 

79 


56 

35 





I 

88 

II8 

56 

45 





2 i 

irS 

167 

68 

56 


154 

sS 

84 

3 

143 

igi 

84 

79 





4 

16 s 

200 

91 

107 

165 

182 

II4 

217 

5 

167 

189 

92 

121 





6 

121 

169 




165 

140 

173 

7 

77 

140 

42 

99 





8 

I 

) 


' 


140 

134 

112 

9 

22 

77 

14 

54 

184 




II 

14 


22 

29 

1 60 

45 

72 

25 

12 

24 

26 







13 

22 


i 

2G 

165 

31 



14 

i 


1 




26 

22 

15 

I 

i 33 

j 26 

35 


47 



16 


i 







18 

( 

; 70 







19 

i 

! 

1 

i 







I 

i I2g 

1 

1 





2 2 

i 24 


t 






24 

} 

i 167 

j 169 

igi 

i8g 

189 

lOI 

204 

'5 

i 35 

} 

I 






27 

47 

I 184 

i 193 

209 



■ 158 

25s 

30 

1 

{ 191 

I 





31 


1 

! 1 76 






33 

68 

I 21 1 

i 





211 

38 

i 213 

! 

1 


i 





hyperglycemia is in large part aUmcntar>' is apparent from the comparison of values 
before and after fasUng periods (table 3). In two cases, sheep 3 and 7, normal values 
oi Idood glucose, urine glucose, and urine ketones were obtained after fasts of 6 and 5 
days, respectively. When the fast was prolonged in sheep 3, the blood glucose rose 
again to hyperglycemic levels. 


^ If) .^ha-p 6, the first senes of insulin treatments (protamine zinc insulin, Lilly) 
lea lo an increase in blood glucose, from 187 to 281 mg. per 100 ml., as a result of a 
great increase in food intake when on insulin therapy; this 5 months old ewe, with a 
kgm., consumed appro.ximately twice the adult intake of hay, 


baih' weieht of i- 
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grain and commercial calf food in this period. Although the insulin dosage, 1 6 to 20 
units daily, was inadequate at this time, the same dose proved to be too high at a 
later date when food intake was lower. 


Table 2 . Values of blood glucose and ketones, urine glucose, ketones, and 

NITROGEN IN THE FED ALLOXAN DIABETIC SHEEP; AVERAGE VALUES AND RANGE 


SHEEP KO. 

1 M 3 ST- 

INJECTION 

INITIAL 

■\SXIGKT 

1 

■BLOOD GLUCOSE i 

1 

BLOOD j 
KET- 1 
ONES 1 

1 

1 

URINE GLUCOSE^ 

URINE KETONES' 

URINE 

NITROGEN 


! days 

kgm. 

mgm. % 

mpn. % 

g/kgm/day 

vtgmlkgmlday 

mgmjkgmjday 

2 

1-9 

26.4 

218 

14 

3.62 

j 





(202-246) 


(0.31-5.61) 



3 

I-II 

i 47-3 

171 i 

24 

2-39 

131 

507 



1 

(162-191) 


(0.001-4.07) 

(1.1-343) 

(215-672) 

4 

I-IO 

36.8 

175 

47 

1.64 

129 

418 




(156-191) 


(0.12-3.29) 

(5.2-259) 

(364-512) 

5 

1-3 

44-1 

187 

51 

I -73 

160 

400 

i 



(178-195) 


(1.41-1.94) 

(8.1-303) 

(364-437) 

6 

I-T 2 

17.0 

173 

41 

1.98 

238 

41 5 




(154-195) 


(0.30-2.71) 

(28.4-480) 

(316-535) 

7 

1-9 

17.7 

148 


I .00 

4.1 

362 




(140-158) 


(0.03-1.45) 

(l .0-10.6) 

(310-416) 

7 

TO-20 


146 


1.38 

24.5 

341 




(141-156) 


(1.14-1.77) 

(15.4-38.1) 

(313-361) 

8 

1-7 

27.7 

190 

12 

1.65 

102 

316 




(169-222) 

j 

(0.15-2.13) 

(6.1-166) 

(88-495 ) 


^ Low values on day i. 


T/Vble 3. Effect of, fasting in allox/w diabetic sheep 


SHEEP NO. 

PASTED 



URINE GLUCOSE 



1 Initial 1 

1 1 

1 terrai- 
! ual 1 

initial 

tcrmi- 
1 nal 

j 

initial j 

j terminal j 

1 Initial 

termi- 
nal 1 

initial | 

termi- 

nal 


days 

mgm. % 

mgm. % 

g/kgm/day 

mgm/kgm/day 

mgm/kgm/day 

2 

6 

2o6 

173 



2.79 

0.15 



1 

1 


3 

6 

165 J 

54 



2.51 

0.03 

146 

1.4 

467 

29 

3 

5 

173 

103 



1.50 

O.OI 

35 

22 

203 

— 

4 

5 

154 

136 



1.32 

0.21 

134 

22 

401 

174 

6 

8 

167 

147 



1.79 

0. II 

140 

42 

430 

300 

6 

4 

281 

178 

41 

42 

2.71 

1 .07 

75 

42 

476 

— 

7 

5 

156 

33 



1.60 

0.002 

20 

4 

354 

104 

8 

5 

222 

167 

12 

21 

2.13 

0.67 

1 160 

73 

345 

259 


Glycosuria was severe in all sheep. The highest values were observed in sheep 
2, which excreted over 5 grams of glucose per kgm. per day on the 2nd, 3rd, and 4th 
days after alloxan administration. Her blood glucose level never fell below 200 
mgm. per 100 ml. during the period of study, except when the animal was fasting or 
receiving insulin. Glucose excretion was lowest in sheep 7, in which the blood glucose 
never rose above 158 mgm. per 100 ml. Nevertheless, it is believed that alloxan 
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damage to the pancreatic islets was complete, because a second injection of alloxan, 
on the gth da}'^, did not produce the t3rpical initial glycemic fluctuations nor did it 
increase the degree of permanent diabetic h3rperglycemia. 

Fasting caused a rapid diminution of glycosuria in each of the alloxan diabetic 
animals. Normal values were obtained in all but 2 cases, the second fast of sheep 6 
and the fast of sheep 8. A marked drop in glucose excretion noted in the other sheep 
permitted the determination of the renal threshold at 140, 150, 150, 170, and 200 
mgm. per 100 ml. of blood, in sheep 4, j, 7, 6, and 2, respectively. When the blood 
glucose fell below these levels, less than 0.5 grams of glucose per kgm. per day was 
excreted in the urine. No correlation was apparent between the renal threshold 
and the abiUty of these animals to maintain the blood glucose level on fasting. 

Glucose tolerance curves were studied in both normal and diabetic sheep, follow- 
ing the intravenous injection of i gram of glucose per kgm. body weight (fig. i). 
Compared with the dog and calf, the normal non-fasting sheep had a low glucose 
tolerance, similar to that obtained in an alloxan diabetic dog studied in this labor- 
atory. The blood glucose level of the sheep did not return to the preinjection level 
until 4 to 6 hours after glucose administration, as compared with i to 2 hours in the 
normal dog and calf. Diabetes did not change the slope of the tolerance curve in 
sheep; the return to the preinjection level occurred 5 to 6 hours postinjection in most 
instances, although occasionally blood glucose remained slightly elevated through- 
out the remainder of the day. It must be remembered, however, that the initial 
level of blood glucose in the diabetic animal was three to four times higher than 
normal. 

It is apparent from figure 2 that fasting caused a marked decrease in glucose 
tolerance in both normal and diabetic sheep. The high postinjection blood glucose 
levels did not return to normal during the course of the day in these animals. 

Nitrogen excretion was increased in the diabetic animals. Control studies 
established the average normal non-fasting value at 220 mgm. of ammonia nitrogen 
per kgm. per day. .After the administration of alloxan this rose to 396 mg. per kgm. 
per day. Although this approximately twofold increase is significant, it is much less 
than that reported in depancreatized dogs. Fasting decreased the nitrogen excre- 
tion in all sheep, but to the greatest extent in sheep 3 and 7, both of which failed to 
maintain hyperglycemia under these conditions. If urinary nitrogen excretion can 
be used as an index of the degree of gluconcogcnesis from protein in the sheep, it 
seems doubtful that protein is of great importance as a source of carbohydrate, in 
these 2 animals in particular. 

Disturbances in fat metabolism were observed in all animals which survived 
the first 24 hours. Accompanying the loss of body weight, ketonemia rose in these 
sheep from the normal level of 3 to 5 mgm. per 100 ml., to ii to 51 mgm. per 100 ml. 
Ketosis was slov.’ to develop in sheep 7 and never became severe. Tlie blood ketone 
level luifl decreased from 24 to 6 mgm. per 100 ml. in sheep 3 by the 45th day, from 
41 to t 6 mgm. per 100 ml. in sheep 6 by the 7Sth day, and from ii to o mgm. per 
TOO rnl, in sheep 7 by the 94th day of allo.xan diabetes. Blood ketone determinations 
v;erc !imitc<i in number for any given animal because of the large blood sample 
required. 
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Ketonuria increased steadily from the normal value of i to 5 mgm. per kgm. 
per day in sheep 3, 4, 5, d, and 8, reaching a maximum of 166 to 480 mgm. per kgm. 
per day about a week after the production of diabetes. Sheep 3 excreted a total of 
16 grams of ketone bodies on the 8th day. Although the excretion values dropped 
after the peak had been reached, normal levels were not attained in these animals, 
except in sheep 3 and 7 under conditions of fasting. Although the excretion of ketones 
was greatly decreased in the absence of a dietary source, this was apparently a renal 
phenomenon; the blood ketone level remained elevated in sheep 6 and was doubled 
in sheep 8 after fasts of 7 and 5 days, respectively. This suggests that the renal 
threshold for ketone bodies may be raised during fasting. 

b) General condition and survival (table 4). Of the 8 sheep studied, 5 animals 
presented a metabohc picture of uncomplicated alloxan diabetes. The data for 
sheep I and 5, with renal impairment, and sheep 4, which was in poor condition when 



the experiment was started, are for these reasons excluded from this section. The 
general condition of the other sheep remained good for i to 5 months, despite the 
initial weight loss. 

In the first 2 weeks of alloxan diabetes, sheep 2, 3, 6, and 7 lost 17, 10, ii, and 
15 per cent, respectively, of their body weights. At this time polyphagia became 
pronounced, and increased food intake compensated to some extent for the loss of 
glucose through the kidneys. Weight loss was excessive during periods of fasting. 
This is due, in part at least, to loss of rumen content. 

Sheep 2 was in good condition for about 45 days, at which time it developed 
weakness and failed rapidly. Insulin therapy was begun on the 50th day; 40 to 48 
units of protamine zinc insulin (Lilly) were administered daily. The animal went 
into severe hypoglycemic coma on the doth day, with a blood glucose level of 8 mgm. 
per 100 ml. Although glucose was administered intravenously several times during 
the next 24 hours, the condition did not improve; the animal was killed on the dist 
day. The terminal glycemia was 10 mgm. per 100 ml. 

Sheep 3 remained in e.xcellent condition for 150 days, maintaining body weight 
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by increased food intake during this period. An unfortunate mishap, not connected 
with the diabetes, resulted in death on the 157th day. 

An 8-day fast in sheep 6 caused a weight loss of 32 per cent, based on the initial 
weight. Insulin therapy was started on the 30th day of diabetes. Although 16 
to 20 units of protamine zinc insulin (Lilly) were injected daily into this 17 kgm. 
lamb, the blood glucose level rose as a result of a great increase in food intake. 
Nevertheless, the animal regained weight and strength, and insulin was discontinued 
16 days after its initiation. Progressive weakness was observed again from the 66th 
to the 71st day of diabetes, at which time insulin therapy was resumed. Two da3's 
later the lamb was comatose, shaking and salivating excessively. The blood glucose 
level was 22 mgm. per 100 ml. Intravenous administration of glucose brought the 
animal back to consciousness, but the weakness continued. The sheep was killed 
78 days after the injection of alloxan, 6 days after the last insulin injection. The 
terminal blood glucose and ketones were 195 mgm, and 16 mgm. per'ioo ml., re- 


Table 4. Survival of alloxan diabetic sheep 


SHEEP 

NO. 

BREED 

SURVIVi\L 

INSOI.LV TirEKAPY 

0 \USE OF DEATH 

I 

Hampshire 

85 hr. 

None 

Renal and hepatic damage 

2 

Hampshire 

(10 d. 

days 50-58: 40-48 u pro- 
tamine 

Insulin hypoglycemia, follow 
ing severe diabetic symp- 
toms 

3 

Dorset 

157 d. 

None 

Accidental 

4 

Hampshire 

24 d. 

None 

Poor appetite and condition 
at start of c.xjieriment 

5 

Hampshire 

12 d. 

day II : 120 u crystalline 

Renal damage 

6 

Hampshire 

78 <]. 

days 30-46, 71, 72: 16-20 
u protamine 

Severe effects of diabetes; 
killed 

7 

Shropshire 

94 <1- 

none j 

Progressive weakness; killed 

8 

Hampshire 

29 d. 

day 21 : 20 u protamine ! 

Progressive weakness; killed 


spectively. Although muscle glycogen was low normal, 0.38 per cent, liver glycogen 
was almost nonexistent, 0.04 per cent. 

Sheep 7 was killed on the 94th da)’’ of alloxan diabetes. The animal’s condition 
had remained good for over 2 months, but failed in the last few weeks and the sheep 
stood only when feeding during the last 2 or 3 days. Although the weight loss in 3 
months of alloxan diabetes appeared to be slight, 1.3 kgm., it should be remembered 
tliat sheep 7 was a growing lamb which should have been gaining weight in tliis 
period. Tile terminal blood glucose was 235 mgm. per 100 ml., ketones 9 mgm. per 
100 ml. In this animal, muscle glycogen was normal, 0.43 per cent, but the liver 
was free of gbxogcn. 

Sheep S showed progressive weakness from the iSth day, and was killed on the 
29th day, S days after a single dose of 20 units of protamine zinc in.suHn (Lilly). 
Tlic tcrmin.il blood glucose was 96 mgm. per 100 ml., terminal ketonemia 21 mgm. 
per ICO ml.; muscle glycogen was 0.46 per cent, liver glycogen 0.08 per cent. In one 
month of alloxan iliabctes, this animal had lost 27 [)cr cent of its body weight. 
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c) Histological studies (table 5). The renal damage which followed the in- 
jection of 125 and 7,5 mgm. of alloxan per kgm. in sheep i and 5, respectively, has 
been mentioned earlier. A large amount of ascitic fluid was removed from the 
peritoneal cavity of the former at autopsy, and other signs of renal failure were ob- 
served. Histological examination confirmed the diagnosis of coagulation necrosis of 
the convoluted tubules; many tubular casts were present. In sheep 5, the toxic 
effects of alloxan were apparent in both tubules and glomeruli; the latter were non- 
functional, compact masses of cells. Sheep 3, which died as a result of an accident, 
showed acute renal changes which were believed to result from the accident rather 
than from the diabetes. Renal pathology obser\'ed in three other animals consisted 


Table 5. Histological studies of alloxan diabetic sheep 


SHEEP 

NO. 

REN,\E HISTOLOGY 

HEPATIC HISTOLOGY 

PANCREATIC HISTOLOGY 

I 

Tubular necrosis 

Infiltration and prolifer- 
ation of duct cells 

No evident patholog>' 

2 

No evident pathology- 

Vacuolation of cells 

Decreased number of islets . 

3 

Acute hemorrhagic areas; 
tubular necrosis 

Poorly preserved 

Poorly preserved 

4 

No evident pathology 

Vacuolation of cells; promi- 
nent bile ducts 

Decreased number of islets 

s 

Vacuolation of tubular 
cells; massive prolifer- 
ation of glomerular cells, 
glomeruli compact 

Vacuolation of cells; promi- 
nent bile ducts i 

Decreased number of islets 

6 

Proliferation of glomerular 
cells 

Connective tissue stimula- 
tion in region of portal 
vessels; some hepatic cells 
dear 

1 No islets identified 

7 

Proliferation of glomerular 
cells 

Vacuolation of cells; connec- 
tive tissue stimulation in 
perivascular regions 

One islet identified in sec- 
tion; possible remnants of 
other islets 

S 

Vacuolation of tubular 
cells 

Vacuolation of cells; connec- 
tive tissue stimulation in 
perivascular regions 

Decreased number of islets; 
islets small 


of proliferation of cells of the glomeruli in two and vacuolation of the tubular cells 
in one. 

From table 5, it is apparent that hepatic changes were marked in afl. animals. 
In sheep i, these were probably the result of the to.xicity of alloxan. In those sheep 
which survived for longer periods, fatty infiltration of the liver was evident. 

No islets could be identified in the pancreatic tissue of sheep 6; in the other 
animals there appeared to be a decrease in the number present. No pathological 
alterations were apparent in these with the routine hematoxylin and eosin staining 
technique. The islet cell t}q)es could not be differentiated in normal sheep pancreas 
even when stained according to the Gomori chrome hematox}’^lin technique (13). 
Pancreatic islet cells in the sheep are mainly nongranular, and the alpha and beta, 
cells are stained VQvy faintly (14). 
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DISCUSSION 

The triphasic glycemic response to alloxan administration, observed in the sheep 
of this series, is typical of that presented by most other species studied. Although 
agreement is lacking in the explanations offered for the initial hyperglycemia and 
the secondary h3rpoglycemia, (15-18), all experimental results point to one cause for 
the third phase, the diabetic hyperglycemia. Assays of pancreatic tissue from aUoxan 
diabetic animals have shown this to be the result of insulin deficiency, which is 
produced by the destructive action of alloxan on the beta cells of the pancreatic 
islets (i 5, 19). Studies of the alloxan diabetic state, for this reason, should pro\dde a 
key to the action or actions of insulin in the normal animal. 

Jarrett (7) observed severe but uncomplicated diabetes in 2 of 12 ewes treated 
with 88 to 200 mgm. of alloxan per kgm. One animal failed to dev^elop diabetes; 2 
were killed in the first 24 hours for histological studies, and 7 had serious hepatic 
and renal complications. Hyperglycemia, glycosuria and ketonuria were marked 
in both of the survivors, and large doses of insulin were required for control of the 
diabetes. The protocols of these animals are similar to those of our series. 

In our sheep, intravenous administration of 75 mgm. of aUoxan per kgm. re- 
sulted in uncomplicated diabetes in five cases, and in diabetes with renal involve- 
ment in one, sheep 5. In this instance, the fault appeared to be in the alloxan prepa- 
ration, since it proved fatal to each of 5 rats to which it was administered in the usual 
manner and quantity. 

Sheep I, which received 125 mgm. of alloxan per kgm., died in 85 hours with 
coagulation necrosis of the renal convoluted tubules. No abnormality traceable to 
the toxic action of alloxan itself was found in the histological study of liepatic and 
renal tissue of sheep 2, 2 months after the injection of 100 mgm. of alloxan per kgm. 
It is apparent that 75 mgm. of aUoxan per kgm. is the diabetogenic dose for sheep, 
and that doses greater than this may result in severe damage of the liver and kidneys. 

After the initial period of readjustment to the metabolic abnormaUty, the 
glucose balance of the diabetic animals remains relatively constant, although this 
constancy is achieved through a turnover process in which the materials themselves 
are alwaj’^s changing. It is interesting to study the amount of carbohydrate present 
in the diabetic sheep in comparison with that in the normal. Muscle glycogen did 
not change significantly after the development of the diabetic state. The increase 
in blood glucose, and therefore an equivalent increase in tissue fluid glucose, is large 
in degree (122 mgm. per 100 ml.) but small in quantity (about 0.4 gram per kgm. 
body wt.). This increase does not balance the loss of liver glycogen (1.2 grams per 
kgm. body wt.), probably the most significant change in the glucose stores of diabetic 
sheep. From these results, it is apparent that the mechanism for net storage of 
glycogen in the liver is deficient, or that glucose mobilization from this organ is 
e.xcessive even when the concentration of blood glucose without the aid of insulin 
maintains the muscle glycogen stores at approximately normal lev'^els. 

Despite the absence of liver glycogen, the total carboh3'dratc turnover of the 
diabetic sheep is higher than that of the normal sheep, when the amount of glucose 
excreted in the urine is taken into account. The .source of the extra glucose in the 



July 1^48 


ALLOXAN DIABETES IN SHEEP 


103 


blood and urine of the diabetic carnivore is generally conceded to be the result of 
two processes: a) overproduction of glucose through hepatic gluconeogenesis and 
b) relative underutihzation of glucose by the extrahepatic tissues. 

Gluconeogenesis from body protein appears to be secondary as a source of blood 
glucose in diabetic sheep. The urinary nitrogen excretion was not quite doubled m 
these animals, and was less during fasting states, indicating a low degree of protein 
catabohsm in both instances. The fed diabetic sheep excreted nitrogen equivalent 
to 2.4 grams of protein per kgm. per day, as compared to 1.5 grams per kgm. per 
day in the fed normal sheep. The fasted diabetic sheep excreted nitrogen equivalent 
to 0.2 to 1.8 grams of protein per kgm. per day. Little more than a gram of glucose 
per kgm. per day could arise, therefore, from protein catabolism in either fed or 
fasted conditions. 

According to Barcroft el al. (20), the lower fatty acids arising from bacterial 
action on cellulose in the rumen are of great importance in the energy balance of 
ruminants. When absorbed, these may assume a major role in carbohydrate syn- 
thesis in this group of animals. Lorber and co-workers (21) have reported the 
appearance of labeled isotopic carbon atoms in hver glycogen produced in vivo from 
acetic acid. Other literature on gluconeogenesis from fat has been reviewed by 
Soskin and Le\dne (22). The presence of carbohydrate-fermenting bacteria in the 
rumen makes it doubtful that much, if any, glucose is absorbed as such into the 
portal circulation. Under these conditions, exogenous glucose is ehminated as the 
main source of blood glucose; gluconeogenesis is necessary for the maintenance of 
the blood glucose level in normal, non-fasting ruminants. 

The type of glucose tolerance curve obtained in normal non-fasting sheep is 
similar to that of diabetic carnivores. In the latter, the low tolerance is the result 
of unchecked gluconeogenesis from body protein. In the normal sheep it seems 
probable that gluconeogenesis from absorbed lower fatty acids is responsible. 

The difference between the glucose tolerance of normal and diabetic sheep lies 
in the blood glucose level; apparently the diabetic sheep at its high blood glucose 
level has a tolerance for injected glucose which is comparable to the tolerance for 
injected glucose e.xhibited by the normal sheep at its characteristic blood glucose 
level. This is essentially the same conclusion reached by Soskin and Levine (23) 
with respect to glucose utilization of diabetic dogs, namely, that the diabetic 
animal at its characteristically high blood glucose level utilizes as much glucose as 
the normal animal at its characteristic blood glucose level. A glycemia of 35 to 65 
mgm. per 100 ml. is sufficient to drive an adequate carbohydrate metabolism in the 
normal sheep. A fourfold increase, as obser\*ed in the diabetics, would be expected 
to increase utilization four times in a normal sheep. Judging from the glucose 
tolerance, however, the glucose utilization of the diabetic sheep at this high level is 
similar to the normal sheep utilization at a level of 35 to 65 mgm. per 100 ml. At 
the same glycemic level, one would expect that the normal sheep utilizes four times 
as much glucose as the diabetic. A similar relationship exists between the normal 
and alloxan diabetic blood glucose levels of the dog, 90 to 100 mgm. per 100 ml. and 
300 to 450 mgm. per 100 ml., respectively. If the gh'cemic level of the diabetic 
animal is adjusted so as to produce a normal rate of glucose utilization, one can con- 
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dude that the diabetic sheep exhibits the same degree of underutilization as does the 
diabetic dog. 

A similar relationship exists between the glucose tolerance curves of fasting 
normal and fasting diabetic sheep, that is, the same form of cun'^e with similar slope 
occurs at different blood glucose levels. A comparison of the tolerance under fed 
and fasting conditions, however, reveals a marked decrease in the latter. It is ap- 
parent that a condition of fasting causes physiological responses which are not evoked 
by the diabetic state in sheep. 

It has already been mentioned that excessive gluconeogenesis from body protein 
is responsible for the low glucose tolerance of the fasting normal carnivore. An 
increased gluconeogenesis could be effected through a pathway described by Long 
(24), w'ho has found that adrenaline secretion stimulates, the anterior pituitary gland 
to secrete the adrenocorticotropic hormones which are believed to increase gluconeo- 
genesis, in part at least, by mobilizing body proteins and fats. Since the output of 
adrenaline into the blood is known to be increased during hypoglycemic states, the 
latter is a probable factor in controlling the gluconeogenic process. In sheep 2 and 5, 
the glycemias before glucose administration were subnormal with respect to their 
characteristic levels; hypoglycemia was not so apparent in the fasting diabetic 
tolerance study on sheep 8 , and was absent in the study carried out in this animal 
before the production' of diabetes. It should be pointed out that hypoglycemic 
symptoms are known to occur at higher blood sugar levels in diabetic animals, in 
which glucose utilization is low. Although it is probable that the decreased glucose 
tolerance of the fasted sheep is the result of mobilization of fat and, to a lesser extent, 
body protein, the complete mechanism which causes this mobilization cannot be 
identified with certainty at this time. 

In order to gain an idea of the relative importance of dietar}’^ factors in diabetes 
in sheep and dogs, it is necessary to study the fasting values in comparison to those 
obtained when the animals were on full feed. Because food intake was estimated 
rather than measured, and also because of the ^fariation in digestibility and caloric 
value of the feed, it is impossible to express the alimentary'' factor quantitatively. 

Wastage of glucose and ketone bodies through urinary excretion continues when 
diabetic carnivores are fasted. Both are diminished in fasting diabetic sheep, tlie 
former to the vanishing point. This marked drop in glucose e.xcretion must be 
c.yplained by a high renal threshold, which threshold is close to that of dogs. It is 
possible, also, that exogenous gluconeogenesis accounts for a large proportion of the 
glucose excreted when the animals are fed. 

It is harder to e.xplain the decreased ketonuria. Ketosis of fasting has been 
obserx'cd in both dogs and humans; ketosis also occurs in pregnancy disease of ewes, 
which may be the result of undernutrition. However, in the fasting diabetic sheep, 
ketonuria was low in degree, although ketonemia continued. Tlius, diabetic keto- 
nuria like glycosuria in sheep appears to be largety of dietary origin. 

In 4 nut of 6 sheep, the diabetic hy^perglyccmia %vas mainteined under fasting 
conditions. This indicates an endogenous source of carbohydrate precursors. As 
has been mentioned previously, the lower fatty acids are im})ortant sources in the 
ruminant. 
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In sheep 5 and 7, Dorset and Shropshire ewes, respectively, normal blood glucose 
levels were obtained when the animals were fasted. Both of these animals seemed 
to suffer less from diabetes than the other animals, which were Hampshires. The 
fonner animal lived 5 months without benefit of exogenous insulin, and by excessive 
food intake, regained the weight lost in the initial period of alloxan diabetes. Sheep 
7 was sacrificed after 94 days of alloxan diabetes; insulin was not necessary for 
survival. Ketosis, as measured b}’’ the degree of ketonemia, was mild in both animals, 
and ketonuria decreased to normal when they were fasted; the fasting values of urine 
nitrogen were low. The resemblance to the Houssay preparation, the depan- 
creatized-hypophysectomized dog, is striking. It should be pointed out that glu- 
coneogenesis from body protein is greatl}'' reduced after hypophysectom}'; Braier 
(25) reported low levels of nitrogen e.xcretion in fasting hj'pophysectomized dogs, 
similar to the levels obtained in tlie fasting diabetic sheep. 

StBEMARY 

Intravenous administration of alloxan monohydrate produced the typical 
triphasic response to alloxan injection, namely, initial hypergtycemia, secondar}'^ 
h}'poglycemia and tertiarj'^ permanent diabetic hypergtycemia in 7 sheep which 
were so treated. Seventy-five mgm. of alloxan per kgm. was found to be tlie diabeto- 
genic dose for slieep. Higher doses frequently cause severe renal and hepatic damage. 

Severe hypergtycemia, glycosuria, ketonemia, and ketonuria developed in the 6 
sheep which did not suffer renal damage. Urinary nitrogen e.xcretion was increased 
almost twofold in these animals. The ketosis decreased after the first few weeks of 
diabetes. 

Fasts of 4 to 8 days caused a diminution or disappearance of glycosuria. Keto- 
nuria and urinary nitrogen e.xcretion were also decreased. Ketonemia continued 
throughout the fast. The blood glucose level fell to normal in two instances, and in 
six others the reduction was of less degree. 

Polyphagia caused an increase of 100 mgm. per 100 ml. of blood in the degree 
of hj'^perglycemia in one instance. The influence of absorbed lower fatty acids upon 
intermediary metabolism of normal and diabetic sheep is discussed. Bod}'- protein 
apparently is secondary as a carbohydrate source in the sheep; gluconeogenesis from 
dietary volatile fatty acids assumes a more important role in this regard. Under- 
utilization of glucose is also prominent in diabetic sheep. 

A weight loss of 10 to 17 per cent was observed in the first two weeks of alloxan 
diabetes. Increased food intake later compensated in part for this loss. Survival 
of those animals presenting cases of uncomplicated alloxan diabetes was relatively 
long, from i to 5 months, without continued insulin therapy. 

The authors express appreciation to Dr. Peter Olafson and Mr. John Kent for assistance in 
histological and pathological studies included in this paper. 
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A COMPARISON OF GLUCOSE METABOLISM AFTER HEMOR- 
RHAGE IN NON-DIABETIC, ALLOXAN DIABETIC AND 

DEPANCREATIZED DOGS 

CLARISSA HAGER BEATTYi 

From the Department of Physiology, College of Physicians and Surgeons, Columbia University 

NEW YORK CIXY 

W HEN dogs are subjected to 75 per cent hemorrhage by Walcott’s method 
(i), their arterial blood glucose concentration rises rapidly, reaching a 
maximum value at varying times after hemorrhage and almost invariably 
showing a sharp terminal decrease (2). Furthermore the animals also show an initial 
increase in the A-V glucose difference (peripheral glucose utilization), followed by a 
terminal decrease. However, glucose utilization does not necessarily rise and fall 
simultaneously with the rise and fall of the arterial blood glucose level. Moreover, 
the intravenous injection of sufficient glucose to raise the blood sugar level of normal 
dogs to approximately the height caused by a 75 per cent hemorrhage does not raise 
the A-V difference to the high value found after bleeding. This is true even when 
one takes into account the differences in blood flow (3). Changes in A-V glucose 
difference are dependent not only upon the arterial blood glucose level and the rate 
of blood flow, but also upon one or more additional factors. All or nearly all the rise 
in the arterial blood glucose concentration after hemorrhage is caused by the secre- 
tion of epinephrine (3, 4). However, epinephrine hyperglycemia has little influence 
on glucose utilization (5-7), although epinephrine is known to increase the muscle 
plasma glucose ratio (8). These findings indicate that some factor other than 
epinephrine secretion — changes in the rate of blood flow, or increased arterial blood 
glucose level — appears to increase the glucose A-V difference after hemorrhage. 
Since insulin is known to increase the rate of removal of blood glucose by peripheral 
tissues (6, 9) the following experiments were performed to determine whether or 
not changes in the secretion of insulin are concerned with variations in the glucose 
A-V difference (glucose utilization) induced by a 75 per cent hemorrhage. 

METHOD 

Animals in which the secretion of insulin was decreased or abolished were prepared by the ad- 
ministration of alloxan or by pancreatectomy. The use of alloxan injection rests upon the evidence 
that this substance specifically destroys the beta cells of the pancreas (10-13). 

Seventeen dogs, weighing 7 to 13 kg., were injected intravenously with 50 to 60 mg/kg. of al- 
loxan monohydrate dissolved in 10 cc. of distilled water. These animals were fasted for 18 to 24 
hours before injection. The dogs were kept for 3 to ii days after the injection of alloxan, blood 
glucose determinations being made ever}" other day. If the blood glucose concentration did not 
increase above the control value or rose and returned to the preinjection level, additional injections of 
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50 to 150 mg/kg. of alloxan were given until the arterial whole blood glucoes concentration stayed 
above 200 mg. per cent. When the animal appeared to be in a permanent state of hypoinsulinism, 
it was fasted for 18 to 24 hours and subjected to a 75 per cent hemorrhage by Walcott’s technique 
(bled out and 25 per cent of the bleeding volume immediately returned). 

Total pancreatectomies were made on 9 dogs weighing between 8 and 13 kg. During the four 
to seven days following the operation, each animal was given 3 to 10 U of protamine zinc insulin- 
per day. This maintained the blood glucose concentration at the pre-operative level. When the 
wound had healed and the animal was in good condition, insulin was discontinued and two to five 
days later the dog was fasted 18 to 24 hours and hemorrhaged 75 per cent of its bleeding volume. 

Glucose, lactate and pyruvate analyses were made on whole blood. ZnS04 and NaOH were 
used to precipitate the blood proteins for the glucose and lactate analyses. Glucose determinations 
were made according to Somogyi’s method (14) and lactate and pyruvate analyses were carried out 
as previously described (2). Plasma bromsulphaleins were determined in a Coleman Junior Spec- 
trophometer, the color being developed according to the method given in Peters and Van Slyke (15). 
The thj'mol flocculation test was carried out on heparinized plasma as described by Maclagan (16). 
The liver was examined histologically for fat by staining frozen sections with Sudan IV, the tissues 
being previously fixed in 10 per cent formaldehyde. Plasma volume determinations were done with 
the blue dj'e, T-1824 (17). Hematocrit readings were made on heparinized blood by centrifuging 
for 30 minutes at 3000 r.p.m. in Wintrobe tubes. 

The relative reduction in the volume of blood flowing through the hind limb following a 75 per 
cent hemorrhage was estimated by inserting a T-shaped cannula into the femoral vein of dogs in 
which the blood had been heparinized using the dosages recommended by Solandt and Best (18). 
After clamping the femoral vein the blood from the side arm of the cannula was collected for a meas- 
ured time interval. It is recognized that this procedure measures only the relative variations in 
the blood flow. 


RESULTS 

The injection of alloxan has been reported (12) to cause liver damage. Since 
the e.xtent to which such liver damage might influence glucose metabolism is un- 
known, the amount of injury in the livers of the first few dogs injected with alloxan 
was investigated. All of the thymol flocculation tests done on 7 dogs before and 
after the injection of alloxan were negative (table i), with the exception of dog 10, 
in which the test became 1+ when the animal developed distemper. Seven dogs, 
some of which were used for the thymol flocculation test, were injected with 4 mg/kg. 
of bromsulphalein. The administration of alloxan produced no change in the dis- 
appearance rate of bromsulphalein (table i). Dog 10, which contracted distemper 
and showed a. i-}- thymol flocculation test, also showed a significantly higher 60- 
minute plasma bromsulphalein level. The livers from 9 alloxan diabetic dogs were 
stained with Sudan W and examined for fat (table i). In 5 of these animals the 
fat content of the liver increased. The other 4 animals had no more fat in their 
liver than is often present in uninjccted control animals; only an occasional paren- 
chjTnal cell or cluster of cells containing fat was seen. Fat was, of course, found in 
the bile duct epithelium of both control and injected animals. When marked fatty 
infiltration occurred the fat was distributed in the area surrounding the central veins. 
Further liver function tests were not done because the data presented later in this 
paper gave no indication of any impairment in the ability of tlie liver to produce 
glucose after the administration of alloxan even in the presence of considerable fatly 
infiltration. 
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The utilization of glucose before and after a 75 per cent hemorrhage was studied 
on 13 alloxan diabetic and 7 depancreatized dogs. A decrease in blood glucose as the 
blood passed through the tissues of the hind limb (negative A-V difference) was arbi- 
trarily termed glucose utilization. The disappearance of glucose from the blood 
stream may not signify tissue utilization, but as is shown later the A-V difference may 
be used as an index of glucose utilization under the conditions of these experiments. 


Table i . Dose of alloxan given to the dogs and the change in the blood glucose level 

AFTER THE INJECTION OF THE ALLOXAN, COMPARED WITH THE AMOUNT OF LIVER DAMAGE 


DOG 

^VHOLE BLOOD GLUCOSE 
IN MG. % 

DOSE OF 
ALLOXAN 

DAYS 
AFTER j 
ALLOXAN ' 
BEFORE 
TERillNUS 

LIVER FAT 
CONTENT 

THYMOL FLOC. TEST^ 
AFTER ALLOXAN^ 

BROMOSULPHALEIN LEVELS 
IN PLASMA AFTER 4 MG/KG. 
OF DYE 

Before 

alloxan, 

control 

After alloxan 

Before 
alloxan’ 
(mg. %) 

After 
alloxan’ 
(mg. %) 

Max. 

Termi- 

nal 

10 

min. 

I hr. 

10 

min. 

1 hr. 





mg/kg. 








I 

S3 

271 

lOI 

S3® 

8 

+ 






2 

61 

298 

273 

SO® 

37 

+ 

neg. 8 days® 












neg. 25 days 





3 

73 


4 

1 

so 

I 

-}--j — f-+ 






4 

73 

206 

111® 

SO^ 

II 

-f--b 

neg. 4 days® 









IS 



neg. 6 days 





5 

60 


S33® 

so’ 

3 

-f- 


•3 

. I 



6 

6s 

153 

85 

SO® 

7 

+ 

neg. 2 days 



• 2 

1 

0 








neg. 4 days 

•3 

0 

• s 

0 

7 

71 


787® 

60’' 

4 







8 

6S 


3S9® 

SS’' 

S 

++ + 

neg. 2 days 

• s 

. I 


. 2 








neg. 3 days 





9 

SS 

298 

136® 

S2’^ 

S 

++ 

neg. 2 days 

.6 

.2 

1.2 

•4 

10 

SS 

S73 


SS® 

6 


neg. 3 days 



• 7 

. 2 








I -p 6 days 

•S 

. 2 

1-3 

.8 

II 

73 

220 

197 

SO 

20 

i 

neg. 14 days 

•3 

. I 

• 4 

. I 



82 


SO 


1 


.8 

.1 




^ All thymol flocculation tests before alloxan were negative. ^ Blood glucose above 200 mg.%. 
^ Experiments terminated with nembutal. * Died hypoglycemic convulsion. ® Control blood 
sugar on day of experiment (75% hemorrhage). ® Number of days after alloxan before test was 
performed. '• Liver studied following a fatal 75% hemorrhage. ® Blood glucose of 103 mg.%. 
® Bromsulphalein excretion tests performed on same days as thymol flocculation tests. Dog 
did not develop diabetes. 

Glucose A-V differences were determined by taking simultaneous (within less than 
2 minutes) samples of blood from the femoral artery and vein. The individual and 
average arterial whole blood glucose concentrations and glucose A-V differences of 
non-diabetic, alloxan diabetic and pancreatectomized animals before hemorrhage are 
given in tables 2, 3, and 4. The arterial blood glucose levels before bleeding were 
higher in the diabetic than in the non-diabetic dogs. However, the pre-hemorrhagic 
A-V glucose differences of the three series of animals were the same. 

Following hemorrhage the general pattern of glucose metabolism in the diabetic 
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animals was similar to that found in the non-diabetic dogs. The arterial blood glucose 
level rose to a maximum value. This maximum glucose concentration occurred at 
any time after bleeding except terminally (table 2). In the last 30 minutes of exist- 
ence there was almost invariably a decrease in the glucose concentration of 10 to no 
mg. per cent. The average maximum increase after bleeding in the arterial blood 


TABI.E 2. Relationship of arterial glucose concentration (in mg. %) to the femoral a-v 
GLUCOSE difference IN ALLOXAN DIABETIC AND DEPANCREATIZED DOGS 
BEFORE AND AFTER A 75 % HEMORRHAGE 


DOG 

CONTROL 

TUtE AFTER A 75% nElIOEBHAGE 

SURVIVAL 

AFTER 

HEMOR- 

RHAGE 

DOSE OF ALLOXAN 

\TNOUS 

GLUCOSE 

LEVEL 

BEFORE 

ALLOXAN 

I hr. 

2 

hr. 

3 hr. 

4 hr. 

5 hr. 

Art. 

A-V 

Art. 

A-V 

Art. 

A-v 

Art. 

A-V 

Art. 

A-V 

Art. 

A-V 

Alloxan Diahetic 














hr. 

mglts. 


5 

S33 


668 

—43 

688 

—8 

698 

—5 

S16 




4 

SO 

60 

7 

787 


88t 

96 

885 

— 44I 







1-3 

60 

71 

8 

3S9 

—8 

460 

—SI 

401 

—3 







2 

55 

6s 

13 

248 

—8 

413 

—68 

416 

60 

395 

-48 

287 




4-3 

55, 55 

90 

14 

247 

—Q 

311 

—25 

440 

—44 

535 

— 6S 

SSI 

—43 



4.3 

52 

86 

rs 

273* 

s 

423 

—47 

394 

—25 







2 

S3 

76 

16 

286* 

—3 

670 

132 

744 

—172 

790 

—134 

790* 

—94 



3-5 

S3 

80 

17 

223 

—6 

400 

—62 

419 

— ^47 

478 

—SO 

508 

—SO 

575 

61 

5-5 

55, 55 


i8 

20s 

1 

403 

—26 

447 

—27 

498 


495 


582 
















SS7‘ 


5.8 

55, 80, 100, 100 

72 

ly 

252 

— 2 

349 

—30 

394 

—35 

40S 

*—20 

442 

—37 

377‘ 

+13 

6 

55 

S 3 

20 

233 

—8 












57 

67 

21 

412 

—4 

610 

— 20 

662 

—16 

686 

— 10 

714 

— 12 

640 

+15 

5 

57 

60 

22 

278* 

0 

S93 

—34 

S7S 

—44 

524 

+2 





4 

55,60,65,75,100, 

88 















100, 100, ISO, 
















150 



349* 

— 2 

46S 

—40 

520 

—56 

543 

—IS 

SOI 

— 21 



5 

55 



il 

0 

441 

— 16 

459 

— 12 

492 

— 71 

48s 

0 



4.3 

55, 55 

III 


DepancrtoUzed 


I 

234 

—6 

29s 

—33 

336 

-S 8 

340 

—52 

274* 

+i 



3-5 


2 

303 

—13 

379 

—30 

430 

—35 

388 

— 0 





2.5 


3 

38s 

—21 

555 

-83 

624* 

-84 

6 o 82 

—68 

390’ 

— 57 



2.5 


*» 

244 

— 12 

330 

—52 

378 

—75 

412 

^ 

372 

—41 



4 


5 

3032 


432 

0- 

1 

399 

— 13 

33S 

+4 





3 


6 

2992 












2-5 


7 

3582 


478 

—27 

512 

—34 

450 






3 


s 

28s 


405 

—75 

489 

—77 

S 68 

—Sr 

600 

—Og 

552 > 

—39 

4*5 




* Tills was a 1.3-liour sample. ’ This animal heparinized. » This was a 3.s-hour sample. < This was a $.&■ 
hour sample. » This was a 6-hour s.amplc. « This was a r.s-hour s. ample. ^ This was a i-hour sample. * This 

was a 2.3. hour sample. »4.5-lmur sample. 


glucose concentrations of the alloxan diabetic animals was 109 mg. per cent greater 
than that of the control animals (table 3) while this value was only 52 mg. per cent 
for the dogs of the pancreatectomy series. Since differences in the concentrations of 
glucose could be explained by differences in circulatorj' volume produced by allo.xan 
injection, jilasma volume determinations were carried out on 6 alloxan diabetic dogs 
both before the injection of alloxan and either on the day preceding or on the day of 
the bleeding e.Kpcriment. It was found that any changes in the plasma or bloofi 
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volume (calculated from dye and hematocrit readings) of the dogs after the injection 
of diabetogenic doses of alloxan were within the error of the method. After the ad- 
ministration of alloxan the plasma volume increased an average of 1.5 per cent (-{-8 
to —9 per cent) and the blood volume decreased an average of 5.0 per cent (+4 to 
— II per cent). As in the control dogs, the post-hemorrhagic femoral A-V glucose 
difference in the diabetic animals increased to a maximum after which a progressive 

Table 3. wtiole blood glucose (arterial) concentrations and femoral a-v differences 

(means) before and after 75% hemorrhage 


All values expressed in mg/ioo cc., as mean and standard error of the mean, n = no. of animals 



CONTROL 

11 

ALLOXAN 

n 

DEPAN. 

n 

DIFP. IN MEANS 


SERIES, C* 

SERIES, A 

SERIES, D 

S.E. DIFP, 


Before hemorrhage 


Blood glucose 

77 ± 1.7 

25 


1 

304 ±17 

1 

8 

1 


A-V diflt. . 

3.2 ± 0.5 

25 

m 

1 

i 

7.6 ± 2.7 

8 

1 

C & A, no diff. 
C & D, 1.6 

A & D, 1.6 

1 


After hemorrhage 


Max. rise above 

122 ±20 

12 

231 ±32 

13 

174 ±30 


C & A, 2.9 

pre- hemorrhage 





• 


C&D, i.s 

level of blood 







A & D, 1.3 

glucose 






■ 


Max. rise above 

33 ± 3-2 

12 

57 

13 

55 ±7 

H 

C & A, 2.1 

pre - hemorrhage 







C&D, 2.9 

level of A-V diff. 






1 

A & D, 0.2 


* Values taken from paper of Beatty (2). 


Table 4. Average percentage reduction in blood flow after 75% hemorrhage 



I HOUR 

2 HOURS 

3 HOURS 

TERMINAL' 

Control (8 dogs) 

242 

27 

2i3 

20 

AUo.xan diabetic (7 dogs) 


21 

iS* 

16^ 

Pancreatectomized (3 dogs) 

25 

20 

20 

19 


^ Within the last hour of survival. - This average is for 6 dogs. ® This average is for 5 
dogs.' 


decrease occurred until death supervened. However, the average maximum femoral 
A-V glucose difference rose to a greater extent in the two diabetic groups than in the 
control, non-diabetic series (table 3). In 2 dogs wth aUoxan diabetes and 2 pan- 
createctomized animals the terminal glucose A-V difference was postive. No positive 
terminal A-V glucose differences were observed in any of the 1 1 dogs of the control 
series. It is interesting to note that positive A-V glucose differences have been ob- 
served in intravenous glucose tolerance curves in normal animals (3, 19). Glucose 
A-V differences were not corrected for changes in the hematocrit reading as the blood 
flowed through the leg. for the diabetic A-V hematocrit differences were small. 
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amounting to o to 2.1 units, and were not changed by hemorrhage (six determina- 
tions). Similar results have been reported previously for non-diabetic dogs (2). 

Differences in the glucose A-^^ differences produced in the three series of animals 
by bleeding could be caused by variations in blood flows. For this reason, the rela- 
tive change in the blood flow through the femoral vein following a 75 per cent hemor- 


Fig. I. Showing the sdiil- 
ARiTY of the patterns of changes in 
arterial blood glucose concentra- 
tion and glucose A-V differences 
following a 75 per cent hemorrhage 
in control, alloxan diabetic and 
pancreatectomized animals. Un- 
broken lines represent arterial 
blood glucose concentration and 
broken lines, glucose A-V differ- 
ences. 


CONTROL 



ALLOXAN 

DIABETIC 


pancreatectomized 



DOC 13 



_J 

UJ 

> 

UJ 


< 

a: 

UJ 

»- 

a: 

< 


HOURS AFTER HEMORRHAGE 


Table 5. Comparison of whole bloob lactate, pyruvate and l/p ratios in control, al- 
loxan DIABETIC ,\ND P/\NCREATECTOMIZED DOGS, BEFORE AND AFTER A 75% HEMORRHAGE 


All values expressed in mg/ioo cc., as mean and standard error o/{vn) of the mean, n = no. of animals 


SKRIKS 

nZPORE UEHOREHAGE 

I HR. AFTKR ITEMORRHAGE 

TEKIUNAL' 



1 Diff. of means 
S.E. difl. 

Lactate 

n 

Difl. of means 
S.E. diff. 

Lactate 

n 

Dill, of means 
S.E. di 5 . 


mg. % 



mg. % 



mg. % 



Control, C 

IJ ±1.4 

36 


SS± 3.0 

36 


100 ± 4-3 

35 


Allojcan, A 

12 ± 1.5 1 

6 

C <fc A, no diff. 

SI ± 6.7 

7 

C & A, 1.9 

118 ± 6.0 

7 

C & A, 1.2 

Dcpancrca- 

27 ±2.4 

3 ’ 

C & D 2 

63 ±10.7 

s 

C A: D, 0.45 

120 ±16.2 

5 

C it iJ, 0.7 

tized, D 











Pyruvate 



Pyruvate 



Pyruvate 


[ 

Control, C 

I -4 d=o.i4 

31 


4.6 ±.20 

21 


4.2 ±0.20 

20 


Alloxan, A 

1 1.7 ±0.19 

II 

C & A, 1.2 

3-2 ±.35 

10 

C & A, 3.5 

4.7 ± .27 

II 

C& A. 1.5 

iJcpancrca- 

j 1.7 ±0.04 

5 

C&D, 2.1 

2.0 ±.24 

5 

1 C<!kD,s .4 

S-i ± -44 

S 

C ifc D, i.o 

tized, D I 










i 

L/P 



I^/P 



L/P 



Control, C ! 

i 

[ S± 2.3 

1 31 

! 

12 dro .7 

21 


20 ±i .6 

27 j 


Diabetic, D | 

; tl =hX .4 



20 ±2.0 • 

9 * 

C & D, 3 .S : 

23 ±2.3 


C A: D, r.? 


I Within the last 30 min. of survival. = Too short a series to show signiric.Tnt <ii(Icrcncc. ^ Combinerl scriis 
consistin;; of .} aiiosan iii;!l>clic and j pancreatectomized dogs. * Comiiined seric.s of 5 aiiozan diahclir and 1 pan- 


crealcctomized do?s. 


rhage was measured in all the scries. In the animals of all three groups the limb 
blood flows decreased immediately after bleeding to an average of 22 to 25 per cent 
of the pre-hemorrhagic values (table 4). No further marked change in blood flow 
occurred unless determinations were made within the last 10 minutc-s of .survival 
when further rajiid decreases in flow were obscr\-ed. When the lilood flow through 
the femoral vein was calculated ms cc/kg. of body weight, it was found that 10 control 





























July ig48 


GLUCOSE METABOLISM AFTER HEMORRHAGE 


113 

dogs had an average flow of 4.2 cc/kg., 6 alloxan diabetics 4.4 cc/kg. and 3 depan- 
creatized 4.3 cc/kg. These results indicate that differences in the peripheral rate of 
disappearance of glucose between the control and the two diabetic series cannot be 
related to differences in the blood flow through the hind limb. Crandall and Lips- 
comb (20) likewise found little change in the blood flow through the liver of dogs 
after pancreatectomy. 

Before hemorrhage the average blood lactate and pyruvate values and L/P 
ratios in the control, alloxan diabetic and depancreatized dogs showed no differences, 
except for the increased lactate concentration of the depancreatized animals (table 5). 
Since lactate and pyruvate determinations were not always made on the same animals, 
the L/P ratios of the two diabetic groups were combined in order to obtain a number 
large enough for comparison with those of the control group. The rise in blood lac- 
tate concentrations after hemorrhage (table 5) was similar in the three groups of 
animals. The blood pyruvate levels also rose (table 5), but the concentrations the 
first hour after bleeding were lower in the alloxan diabetic and depancreatized series 
than in the control series. At this time the average L/P ratio of the combined dia- 
betic group was higher than that of the control series. The average terminal blood 
pyruvate levels were not different in the three series of animals, nor was there any 
difference between the terminal L/P ratios of the combined diabetic and control 
groups. 

Comparison of the bleeding volumes in cc/kg. shows that there were no differ- 
ences between the values obtained on the control animals and those of the two dia- 
betic series (table 6). The bleeding volumes were calculated on the basis of the dog’s 
weight on the day of the experiment. The average survival time of the three series 
of animals was also similar, 3^ hours for the control group, 4 hours for the alloxan 
diabetics and 3I hours for the depancreatized. 

Since anemia has been reported in man after alloxan injection (21), hematocrit 
determinations were made on 10 dogs before and after the injection of varying doses 
of alloxan (table 7). In 9 of 10 animals the hematocrit values decreased. The total 
circulating red ceU volume was calculated for 7 dogs in which plasma volume had been 
detertnined (table 7). In 6 of 7 dogs a decrease of 3 to 20 per cent (average 14 per 
cent) in the total circulating red ceU volume was found. 

DISCUSSION 

There were no significant differences in the average pre-hemorrhagic femoral 
A-V glucose differences (table 3), nor in the relative blood flows of the alloxan diabetic, 
depancreatized and control series. These findings indicate, in agreement with Soskin 
and Levine (22), that, on the average, the blood glucose level in our diabetic animals 
was high enough to enable the mucles of the hind limbs to utilize sugar in approxi- 
matdy the same amount as in the control, non-diabetic animals. 

Statistically speaking, the increase in the arterial blood glucose level of the hem- 
orrhaged depancreatized dogs was equivalent to that of the control dogs, whereas the 
rise in glucose concentration in the animals of the alloxan diabetic series was greater 
than that in the control group (table 3). A possible difference between the alloxan 
diabetic and the depancreatized dogs may be explained by the less favorable physical 
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condition of the depancreatized animal in comparison with the alloxan dog. Pan- 
createctomy caused a greater drop in weight than injection of alloxan, although the 
two series of dogs were diabetic for similar periods of time. However, the differences 
in weight loss between the two diabetic groups was not significant (table 6). Another 
explanation for a difference between the two diabetic series may be the presence of a 
small number of functioning beta cells in the alloxan diabetic dog. A third explana- 

Table 6. Comparison of bleeding volumes and survival times in control, alloxan 

DIABETIC AND DEPANCREATIZED DOGS UNDERGOING A HEMORRHAGE OF 75% OF THE 

BLEEDING VOLUME 

All values expressed in mgfioo cc., as mean and standard error o/(vn) of the mean, n = no. of animals 


SEMES 

BLEEDING 

VOL. 

n 

DUT. OF MEANS 

s j:. DIPF. 

•WT. LOSS 

n 

diff, of means 

S.E. DIFF. 

1 

SURVIVAL 

TIME 

n 

DIFF. OF MEANS 

S.E. DIFF. 

Control, C 
Alloxan, A 
Depancrea- 
tized, D 

cclkg. 

60 ±i 
S 4±3 

S6 ±3 

72 

14 

8 

C& A, 1.8 

C & Df 0.9 

kg. 

o.s ±0.2* 
0.9 ±0.1* 

t. 4 ± 0.4 

21 

13 

6 


hr. 

3.7s ± 0-3 
4.00 ±0.4 
3.2s ± 0-3 

14 

15 

8 

C& A, 0.5 

C & D, 1.2 


1 Weight loss during the i8- to 24-hr. fast preceding the experiment. * Weight loss during the entire diabetic 
period, including the 18- to 24-hr. fast preceding the experiment. 


Table 7. Hematocrit values and total circulating red-cell volumes before and after the 
INJECTION OF diabetogenic DOSES OF ALLOXAN 


DOG 

* HOT. BEFORE 
! ALLOXAN 

nCX. AFTER 
ALLOXAN 

CHANGE IN nCT. 

% CHANGE 

IN TOTAL 
RED-CEU, VOL.’ 

DOSE OF ALLOXAN 

DAYS BETtVEEN 
1ST ALt03CA.V 
AND nCT. DETER. 

25 

So-S 

i 

46.0 

i 

- 4-5 

— 20 

mg.lkg. 

55 , 55 

6 

iS 

34.0 

1 26.0 

—8.0 

— 10 

55, 80, 100, 100 

9 

26 

46-3 1 

40.7 

- 5-6 

-19 

55, 60 

5 

20- 

i 37-6 

49-5 

-fii.9 


57 

1 6 

21 

I 47.7 

41. 1 

— 6.6 

- 3-0 

57 

3 

r> 

. 42.6 

1 41-7 

-0.9 

1 

3-3 gra-" 

15 

23 

47-5 

41 .0 

- 6.5 

-17 

55 

3 

24 

: 41-7 

41-5 

— 0. 2 

-f2 

55 , 55 

3 

27 

j 38.0 

32.0 

— 6.0 

-14 

55 

3 

k9 

j 38.9 

35-7 

- 3-2 


55 

7 


* No correction made for relatively constant errors of trapped plasma and buffy coat. - Animal 
vomited frequently and did not eat well. ’ Animal vomited 3 times immediately following injcc- 
tion.s of alloxan but ate well. * Total allo.xan over a period of 13 days. 


tion might be that some pancreatic cells other than the beta cells are secreting a hypo- 
thetical second pancreatic hormone (23) that is present only in the alloxan diabetic 
dogs in which the beta cells are destroyed without permanent damage to other islet 
cells. Since the number of dogs in the depancreatized series was small for statistical 
purposes and the range of values large and since there was no significant difference 
hctv.'ccn the post-hemorrhagic increments in arterial blood glucose levels of the two 
diabetic groups, aJl the diabetic dogs have been combined for comparison with the 
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control animals. When this is done a statistically significant difference can be dem- 
onstrated between the control and combined diabetic series (diff. in means/S.E, diff. 
= 2.9), The greater post-hemorrhagic rise in arterial blood glucose level in the 
alloxan diabetic dogs when compared with the control dogs cannot be explained on 
the basis of a decreased plasma or blood volume, because diabetogenic doses of alloxan 
produced no significant change in the plasma or blood volume. Therefore, the greater 
rise in blood glucose was probably caused either by the liver producing more glucose 
or by the tissues removing less glucose, or by a combination of both processes. 

The average maximum femoral A-V glucose difference rose to a greater extent 
after hemorrhage in the two diabetic than in the non-diabetic series (table 3). It is 
somewhat doubtful whether the increment in the A-V difference of the alloxan dia- 
betic dogs is statistically greater than that of the control dogs. However, the rise 
in the A-V difference of the depancreatized animals is clearly larger than that of the 
non-diabetic dogs. For the reasons stated above a comparison was made of the com- 
bined diabetic and control series and again a statistically significant difference be- 
tween the two series was demonstrated (diff. in means/S.E. diff. = 3.8), The differ- 
ence between the post-hemorrhagic A-V differences cannot be explained by differences 
in the blood flow through the hind limb because the relative changes in the blood flow 
through the hind leg after bleeding were similar in the control, aUoxan diabetic and 
depancreatized dogs (table 4). A-V differences measure the disappearance of glucose 
from the blood stream and not necessarily utilization. The A-V difference in these 
experiments indicates that glucose is continually leaving the blood stream. Since 
equilibrium is rapidly attained, the glucose must be leaving the interstitial fluid com- 
partment and entering the cells, in order to maintain the concentration in the inter- 
stitial fluid compartment close to the blood level. Storage of glucose as glycogen in 
the cells appears impossible in view of Tachi's finding (24) that severe hemorrhage 
causes a marked decrease in the muscle glycogen of non-diabetic rabbits. Further- 
more, the rate of glycogen synthesis in the muscles, and especially synthesis from 
glucose, is decreased in animals which lack suflScient insulin (25, 26). 

The stimulating effect on glucose utilization of the greater post-hemorrhagic 
increase in the blood glucose level of diabetic animals when compared with non-dia- 
betic animals might explain the greater A-V difference in the alloxan diabetics. How- 
ever, raising the arterial blood glucose concentration b}'^ intravenous injection of 
glucose in non-diabetic dogs increased the A-V difference less than increasing the 
arterial blood glucose level the same amount by hemorrhage (taking blood flow into 
account) (3). Intravenous glucose injections were used because ingestion by mouth 
raised the blood glucose level too slowly. Injection of 0.75 mg/kg. of glucose by vein 
increased the blood glucose concentration to about the same level as that reached by 
hemorrhage in a similar interval of time. As in the control series, the glucose A-V 
difference did not necessarily follow the arterial blood glucose concentration (for 
example see dog 22, table 2). Insufficient oxygen for utilization could be the direct 
cause of a decrease in the peripheral glucose utilization even though the arterial blood 
glucose level was rising, but an additional mechanism is necessaiy to explain how the 
A-V glucose difference can increase while the arterial blood glucose level is decreasing. 

The fact that following hemorrhage the glucose A-V difference increased more in 
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the diabetic dogs than in the non-diabetic dogs may also be explained by the larger 
rise in the blood glucose level of the diabetic animals, increasing the amount of glucose 
necessary to establish equilibrium between the blood and tissues and thus enlarging 
the A-V difference. During periods of rapid fluctuation in glucose concentration the 
A-V difference may largely reflect attainment of equilibrium. However, in these 
experiments the glucose A-V difference often remained at high levels for an hour or 
more with very little change in the arterial blood glucose concentration (table 3, dog i ; 
table 2, dog 15). Glucose equilibrium between blood and muscles in non-diabetic 
rats is reached in three minutes (27). In dogs the volume into which an intravenous 
dose of 0.75 gm/kg. of glucose must distribute itself five minutes after injection in 
order to raise the arterial blood glucose concentration the required amount can be 
calculated (ignoring urine loss and utilization). The results indicate that the glucose 
has distributed itself in approximately 50 per cent of the total body weight of the dog 
(3). This value is close to the figure of 6$ to 66 per cent of the body weight found by 
Painter (28) for the total body water of dogs. The fact that five minutes after injec- 
tion of 0.75 gm/kg. of glucose into control dogs the glucose A-V difference was often 
positive and was not significantly different from the pre-injection A-V difference (3) 
furnished additional evidence that glucose equilibrium between blood and tissues is 
rapidly achieved. It is recognized that glucose does not distribute itself in equal 
concentrations in all the tissues (27, 29). 

Because an increase in the glucose A-V difference occurred in the absence of 
insulin and because this increase cannot be explained entirely by changes in the blood 
flow, in the arterial blood glucose level or by the achievement of equilibrium, an addi 
tional mechanism must be present which, following hemorrhage, influences glucose 
utilization. No explanation is offered for the larger glucose A-V difference after 
bleeding in the depancreatized dogs and the alloxan dogs, as compared with the non- 
diabetic controls. 

Thus, following hemorrhage, glucose disappeared in the periphery of the diabetic 
dogs at a faster rate than in the control dogs. Furthermore, bleeding the diabetic 
series increased the arterial blood glucose level more than bleeding the control series. 
Where is the source of the extra glucose in the diabetic series? As the liver glycogen 
stores in a diabetic animal tend to be low (30-32), especially following an 18- to 24-hour 
fast, simple calculation indicates that considerable gluconeogenesis must go on in 
these diabetic animals to raise and maintain the blood glucose concentration at the 
high level found. For example, if we assume the pre-hemorrhagic liver glycogen level 
of the postalxsorptive diabetic dog to be approximately one per cent (lishcr and 
Lackey (30) give a value of 0.05 per cent for dogs on a mixed diet) and the liver to be 

3.5 per cent of the body weight (32), in a 10 kg. dog, we would have roughly 3.5 grn. 
of glycogen in the liver which could be released as glucose after hemorrhage. Dis- 
tributed in an extracellular volume comprising 25 per cent of the body weight (17), 

5.5 gm. of glucose would only be sufficient to increas(?the arterial blood glucose Icv'cl 
1 50 mg. per cent providing no glucose disappeared from the extracellular comjjart- 
ment. The average rise in the blood glucose concentration in the alloxan diabetic 
dogs was 231 mg. per cent and glucose was disa])i)earing rapidly into the peripheral 
tissues. Loss of glucose in the urine may be disregarded, because urine formation is 
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at a minimum following severe hemorrhage. Even if there is no increase in gluconeo- 
genesis in diabetes under control conditions (26, 20) a severe stress, such as a hemor- 
rhage consisting of 75 per cent of the bleeding volume, might cause more gluconeo- 
genesis in diabetic than in non-diabetic dogs. It is possible that gluconeogenesis is 
the source of the extra glucose found in the two diabetic series after bleeding. 

Statistically speaking there was no significant difference in the average pre- 
hemorrhagic blood lactate and pyruvate values and L/P ratios in the three groups 
of animals, except for the higher lactate concentration of the depancreatized dogs 
(table 5). In view of the fact that this series consisted of only 3 animals and that 
Chesler and Himwich (34) reported no change in the lactate and pyruvate levels of 
their depancreatized dogs, these elevated lactate concentrations probably should not 
be considered significant. One hour after bleeding there was no significant difference 
in the average lactate values in the three series. The two groups of diabetics had a 
significantly lower pyruvate level and higher L/P ratio than those of the control dogs. 
Terminally the average lactate, pyruvate and L/P values were similar for the three 
series of animals. 


SUMMARY 

1. The glucose metabolism in a series of alloxan diabetic and a series of depan- 
creatized dogs was investigated before and after a 75 per cent hemorrhage (bled out 
and 25 per cent of the bleeding volume immediately returned) and compared to a 
series of control animals similarly bled. 

2. Glucose utilization before bleeding, as measured by femoral A-V glucose dif- 
ferences, was found to be approximately the same in the two diabetic series as in the 
control series. 

3. Following hemorrhage the average maximum increment in the arterial blood 
glucose level was twice as large in the alloxan diabetic animals as in the control ani- 
mals. The arterial blood glucose concentration of the depancreatized dogs after 
bleeding rose an average maximum value of 52 mg. per cent more than in the control 
dogs but the difference between the two series was not statistically significant. 

4. The rate of disappearance of glucose in the periphery, as measured by femoral 
A-V glucose differences and blood flows, increased more following bleeding in the 
alloxan diabetic and depancreatized series than in the control series. Statistically 
speaking the difference between the diabetic and the non-diabetic dogs was somewhat 
doubtful in the case of the alloxan animals but was of definite significance in the case 
of the pancreatectomized animals. 

5. Glucose disappeared in the periphery of the depancreatized dogs and perhaps 
also in the alloxan diabetic dogs at a faster rate than in the control animals following 
a hemorrhage of similar severity. Furthermore the posthemorrhagic arterial blood 
glucose level, at least in the alloxan diabetic animals, was raised to a significant!}'- 
higher concentration than in the control dogs. Hepatic gluconeogenesis was indi- 
cated as the probable source of the extra glucose appearing in the diabetic animal 
after hemorrhage. 

6. Lack of insulin made no difference in the general pattern of arterial blood 
glucose concentration and utilization after bleeding. In both the diabetic and the 
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non-diabetic groups the arterial blood glucose concentration rose with hemorrhage 
and there was almost invariably a decrease in the concentration within the last 30 
minutes of survival. The glucose utilization also rose to a maximum after bleeding 
and this maximum was followed by a progressive decrease until death supervened. 

The author is indebted to Dr. Walter S. Root and Dr. James B. Allison for their valuable assist- 
ance in the preparation of this manuscript and to Dr.. J. W. Fertig for aid with the statistical treat- 
ment. 
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DESOXYCORTICOSTERONE ACETATE AND BLOOD 
PRESSURE OF DOGS ON A HIGH SODIUM 
CHLORIDE INTAKE 

JOHN E. SUMMERS! 

From the University of South Dakot<i, School of Medicine 

VERMILLION, SOOTH DAKOTA 

T he production of h3rpertension in patients with Addison’s disease during 
treatment with desoxycorticosterone acetate (DC A) (1-3) has stimulated 
attempts to produce hypertension in subjects with normal blood pressures 
by the administration of the hormone (2, 4). Perera and Blood (4) found that the 
blood pressures of 10 normotensive subjects were not affected by the administration 
of 5 mg. of DCA given subcutaneously twice daily for one week, \vith the patients 
receiving 5 to 10 grams of NaCl orally each day. On the other hand, these investiga- 
tors (4) found that the blood pressures of 14 subjects with uncomplicated hyperten- 
sive vascular disease were increased under the same conditions. 

Favorable reports (5) on the treatment of hypertension with a diet poor in sodium 
have stimulated research in the direction of the adrenal cortical hormones and their 
possible role in the production of essential hypertension. 

It has been shown that the parenteral administration of DCA in dogs produces 
a diabetes-insipidus-like syndrome, i.e., polydipsia and polyuria (6, 7). Selye and 
associates (8-12) have produced malignant hypertension in rats on a high NaCl in- 
take by the subcutaneous administration of 3 mg. of DCA twice daily for the first 
month' and 5 mg. of DCA twice daily during the second month of treatment. Selye 
and Hall (8), using 2 recently weaned puppies, administered 5 mg. of DCA sub- 
cutaneously twice daily for one week, 10 mg. twice daily for the second week and 20 
mg. twice daily for the remainder of the experiment. The female animal received 
1530 mg. of DCA over a 47-day period; the male received 2450 mg. over a 70-day 
period. During the period of administration of the DCA paralysis of the neck and 
shoulder muscles could be produced by giving the dogs NaCl. The affect on the 
blood pressure was not noted. Autopsy of these 2 puppies revealed that the kidneys 
were enlarged and pale, the convoluted tubules were dilated and a proliferation of 
cells had occurred within the glomeruli. The hearts were enlarged and pale. The 
adrenal glands, both the cortex and the medulla, showed an extreme degree of atrophy. 
The liver, pancreas, thyroid, parathyroid and pituitary glands showed no appreciable 
change grossly or microscopically. 

According to Durlacher and Darrow (13), a low potassium diet in the rat causes 
hypertrophy of the kidney and dilatation, hypertrophy and h)Tperplasia of the loops 
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of Henle and of the collecting tubules. Similar though less marked changes were 
produced by the administration of DCA to rats on a normal diet. 

METHOD 

Six adult, healthy-appearing, mongrel dogs were used. The dogs received an 
adequate diet and raw meat twice weekly. All dogs were given a two-month ac- 
chmatization period before the experiment was begun. During this acclimatization 
period the weights were checked daily and blood pressure determinations were ob- 
tained two or three times weekly. The method of determining the blood pressure 
was by direct femoral artery puncture using a mercury manometer. 

Two dogs were used as controls, 2 received, in addition to the regular diet, 10 
grams of NaCl daily, and 2 dogs received the regular diet, 10 grams of NaCl daily 
and intramuscular injections of DCA. 

Control A nimals 

Animal no. 5 {male). From February 9, 1948 to May 12, 1948 the weight grad- 
ually rose from 44 to 51 pounds. In a total of 18 determinations the blood pressure 
varied between 115 and 130 mm. Hg, and averaged 125 mm. 

Animal no. 6 {male). From March 19, 1948 to May 12, 1948 the weight varied 
between 45 and 48 pounds. In a total of 18 determinations the blood pressure ranged 
between no and 120 mm. Hg, with a mean of 113 mm. 

Animals Receiving 10 Grams of NaCl Daily 

The oral administration of NaCl, in tablet form, 10 grams daily, w'as begun on 
March 17, 1948 and continued to May 12, 1948. 

Animal no. 2 {female). From February 4, 1948 to May 12, 1948 the weight 
gradually rose from 41 to 47 pounds. In a total of 19 determinations the blood 
pressure varied between 120 and 130 mm. Hg, and averaged 125 mm. 

Animal no. 4 {male). From February 9, 1948 to May 12, 1948 the weight grad- 
ually rose from 58 to 64 pounds. In a total of 18 determinations the blood pressure 
varied between no and 130 mm. Hg, with a mean of 115 mm. 

Animals Receiving NaCl and DCA 

These dogs received 10 grams of NaCl in tablet form daily from March 17, i 94 '^ 
to May 1 2, 1948. ICach animal also received, by intramuscular injections, the follow- 
ing doses of DCA dissolved in peanut oil: from April 5, 194S to April 28, 1948) 5 ° 
mg. daily; from April 28, 1948 to May n, 1948, 100 mg. daily; on May n, 1948 oach 
animal received 500 mg. of the hormone. Each animal received a total of 2000 mg. 
of over apjiroximateb' a one-month period. 

The onU’ reaction to the hormone that was manifested clinically was that for one 
<iay, .April 23, 1948, when both dogs developed violent, generalized tremors with 
wealuHS' of the extensor muscles of the head. During the j^eriod of administrati(m 
of IK'A boll) animals lost their appetite for the dog bi.scuits and were ferl raw meat 
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Animal no. 1 {female). From Februaty 4, 1948 to May 12, 1948 the weight 
varied from 34 to 38 pounds. In a total of 18 determinations the blood pressure 
varied between 115 and 140 mm. Hg. The higher readings (above 130 mm. Hg) were 
taken on this animal during tlie period of acclimatization before the injections of 
DCA were begun. The mean of the blood pressure determinations during the period 
of DCA treatment was 129 mm. 

Animal no. 5 {female). From Februarj'^ 4, 1948 to May 12, 1948 the weight 
varied from 37 to 40 pounds. In a total of 19 determinations the blood pressure 
varied between 105 and 125 mm. Hg, averaging 112 mm. during the period of treat- 
ment. 


SUM]\L\RY 

The blood pressures and weight of 2 dogs on a high NaCl intake were not affected 
by tire intramuscular injections of large quantities of DCA given over a period of one 
month, each animal recei\dng a total of 2000 mg. of DCA. 

The DCA and peanut oil were furnished through the courtesy of Drr Kenneth W. Thompson 
of Roche-Organon, Inc., Nutley, New Jersey. 
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STABILITY OF PROTHROMBIN AND Ac-GLOBULIN 
IN STORED HUMAN PLASMA AS INFLUENCED 
BY CONDITIONS OF STORAGE' 

JOHN L. FAHEY, ARNOLD G. WARE, akd WALTER H. SEEGERS 
From ihc Department of Physiology, Wayne University College of Medicine 

DETROIT, MICHIGAN' 

T he realization that normal plasma contains a factor which affects the 
transformation of prothrombin to thrombin (1-5) has made advisable a 
study of possible changes in this plasma protein occurring in stored human 
plasma. Because of the close relationships of this plasma-clotting accelerator sub- 
stance Ac-globulin to prothrombin a study of prothrombin stability was also under 
taken. 

The methods of analysis for prothrombin, which formed the basis of previous reports on pro- 
thromihn stability, are now seen to be sensitive to factors other than prothrombin. Consequently 
studies jircviously made on prothrombin concentration were not always accurate. In fact none of 
the previous reports on prothrombin stability in stored human plasma appear to have truly repre- 
sented the changes of prothrombin activity that occur. The prothrombin activity was followed in 
this investigation by means of an improved technic, specific for prothrombin. The results of this 
method indicate a high degree of stability to be possessed by prothrombin in stored human plasma. 
.Also, the changes in plasma .‘\c-globulin on storage were followed by means of a method believed to 
be specific for this coagulation factor. Ac-globulin was found to be less stable than prothrombin 
and to be more sensitive to various conditions of storage. Indeed, for accurate representation of 
the stabilitj' of the components of coagulation, the conditions of collection and of storage must be 
clearly defined. 

It was found in this study that not only does the nature of the anticoagulant 
influence the stability of Ac-globulin but so also does the anticoagulant concentra- 
tion. Morcov'cr, a factor contained in platelets was found to be concerned specif- 
ically with the rate of Ac-globulin inactivation in stored plasma. The quantity of 
this factor present in stored plasma is dependent on such conditions as the centrifu- 
gation intensity, used to separate the formed elements from the plasma, and upon 
the type of container surface utilized for collection and storage. 

METHODS 

To obtain blood samples for consistent and accurate prothrombin and Ac- 
globulin analysis it is advisable to reduce to a minimum any possible contamination 
by tissue juices. Blood was drawn from the antccubital v'ein of normal human sub- 
jects. The syringe containing the first few cc. of blood was removed from the needle 
and replaced by a fre.sh syringe containing the anticoagulant. Unless otherwise 
indicatecl one part of 1.85 per cent potassium oxalate (o.io M KiCYL- H2O) was atldcd 

Hiccived for publiauion June 14, 1048. 
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to seven parts whole blood or two parts of 3.2 per cent sodium citrate (0.109 m 
N asCeHsO. • 2H2O) to 23 parts whole blood. When the desired volume of blood had 
been obtained the needle was removed from the vein and the blood mixed with the 
anticoagulant in the syringe. This fluid was ejected gently from the syringe into a 
glass container and placed in an ice bath until centrifugation. The whole blood was 
centrifuged and the plasma removed, with care taken that none of the precipitated 
cellular elements be included in the plasma. This plasma was placed in a stoppered 
glass container and stored in the refrigerator at 3 to 5° C. 

Plasma samples to serve as controls were removed at this point and frozen at 
— 20° C. A sufficient quantity for one analysis was placed in each of a number of 
small test tubes which were stored in a deepfreeze until the time for analysis, when 
one was removed and thawed. Clean dry glassware was used except in the silicone 
experiments. 

The determination of prothrombin activitj'^ was done by two methods. In the 
first of these, the 2-stage method (6, 7), the plasma is defibrinated by the addition of 
purified thrombin arid the resultant clot removed. This defibrinated plasma is di- 
luted with physiological saline, recalcific in the presence of an excess of thrombo- 
plastin and added to a standard fibrinogen solution so that the amount of thrombin 
formed will give a clotting end point in the approximate range of 15 seconds. The 
second method was a modification (8) of the 2-stage test previously described. The 
modification consists merely in substituting bovine serum (diluted i : 600 in the final 
reaction mixture) for the saline dilution of the defibrinated plasma. This modifica- 
tion is believed to supply sufficient Ac-globulin for full prothrombin conversion. 
Bovine serum contains a fairly stable and high Ac-globulin concentration (9). Deter- 
minations by the unmodified and modified 2-stage methods were made simul- 
taneously. 

Ac-globulin concentration was measured by the method of Ware and Seegers 
(5). The prothrombin, thromboplastin and calcium concentrations are controlled, 
leaving the rate of thrombin production proportional to the amount of Ac-globulin 
in the plasma sample to be tested. 


EXPERIMENTAL 

Prolhrombin . To study the stability of prothrombin both citrate and oxalate 
were utilized individually as anticoagulant mediums. Blood was taken at the same 
drawing into separate syringes containing the anticoagulants. Centrifugation was 
carried out at 3000 r.p.m. for 20 minutes and the plasma portion preserved. 

In citrated plasmas, as is indicated in figure lA, the prothrombin activity re- 
mained unchanged for 8 to 10 days. Both the modified and unmodified 2-stage 
methods of prothrombin analysis gave similar results. Yet as storage was prolonged 
beyond 10 days the prothrombin titer, as determined by the original 2-stage method, 
began gradually to fall. This is an apparent reduction of the prothrombin level, for 
it did not occur in the measurements by the modified 2-stage analysis (fig. lA). The 
modified 2-stage procedure provides Ac-globulin for complete prothrombin conver- 
sion to thrombin. This is not assured in the original method. For this reason we 
believed that the apparent decrease shown by the original method is due to an altera- 
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tion of some other constituent in the plasma than prothrombin, presumably Ac- 
globuUn. 

A more striking comparison of the two methods was afforded by the change 
appearing in oxalated plasma. In figure iB is seen the marked decline in prothrom- 
bin activity evidenced by the unmodified 2-stage analysis. However, here again no 
prothrombin change was seen when an adequate supply of accelerator substance is 
present as in the improved 2-stage technic. 



Fig. I. Prothrombin activity in stored human plasmas decalcified with sodium citrate (A) 
and potassium oxalate (B) at standard concentrations. Prothrombin determinations were made by 
tlie original 2-stagc method of analysis and by the modified 2-stage technic. 

Fig. Eftect of anticoagulant concentration on Ac-globulin stability in stored human 
plasma. One part of anticoagulant at the concentration given was added to nine parts of whole 
blood. 

It seems pertinent to mention at this point that in the plasma samples which 
were also followed b}' means of Quick’s i-stage test (10, ii), a stability difference was 
observed depending upon whether oxalate or citrate was used as anticoagulant. The 
observed increase in the prothrombin time in oxalated plasmas agreed with the obscr- 
vation.s of that author. However, no iirothrombin time increase occurred in the 
titrated plasmas until after tiic fifth day of storage, and then did not progress so 
rapidly as the change which had appeared in Oie oxalated pla.sma. 

In another cxjKTiment to be discussed more fully later stability studies were 
carried out for as long :us 56 days (fig. 4) with no alteration in the prothrombin con- 
• entration evident when the analyses were done by the modified 2-stagc method. 
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By tlie old technic the apparent prothrombin titer of oxalated plasma fell to a mini- 
mum of 3 to 5 per cent of the original concentration and was maintained at that level. 
In citrated plasma the decrease did not begin so soon nor was it as marked as that 
which occurred in oxalated plasma. 

Thus it is evident that there is a difference in the stability of the stored coag- 
ulation factors. The activity of the less stable protein would seem to depend upon 
whether citrate or oxalate is utilized to maintain the plasma in the fluid state. More- 
over, these alterations are not attributable to changes of prothrombin itself for, if 
the activity of this plasma fraction is accurately measured such as by the modified 
2-stage technic, no decrease was found in 56 days under storage conditions in either 
citrated or oxalated human plasma. 

To further examine tlie reason for the discrepancy between the original and the 
modified 2-stage procedure the following experiment was undertaken. An oxalated 
sample of human plasma stored in the refrigerator for 53 days and containing no 
detectable Ac-globulin was used. Prothrombin determinations were carried out by 
the original and b}'’ the standard modified 2-stage procedure. In addition, tests were 

Table 1. PROXHROirBiN activitv in oxalated human plasma stored 53 days 

PKOTHROU- 
BIN CONCEN- 


SIETHOD OF PROTUROUBIN ANALYSIS TRATION' 

tVcc. 

1. 2-Stage unmodified 19 

2. 2-stage modified by use of bovine serum 288 

3. 2-slage modified by use of purified Ac-globulin 295 

4. 2-stage modified by use of bovine platelet extract 285 


* Original prothrombin concentration = 290 u/cc. 

carried out by modifications of the 2-stage method in which a purified serum type 
Ac-globulin (9) or a potent bovine platelet extract was substituted for bovine serum 
as the diluent for the defibrinated plasma. As can be seen in table i the very low 
value found by the original technic is in sharp contrast to the full prothrombin titer 
that was achieved with all three of the modifications of the prothrombin test. 
Whether bovine serum or a purified product is the source of Ac-globulin does not 
appear to be of importance. Nevertheless the concentration . of accelerator factor 
must reach at least a certain level or the conversion will be incomplete, and an in- 
accurate, low-prothrombin value will be obtained. A factor in platelets which affects 
prothrombin conversion to thrombin has recently been studied extensively in this 
laboratory. This factor is described as having much the same function as Ac-globu- 
lin. Here is demonstrated, -with the use of stored plasma, the ability of the platelet 
factor to accelerate and cause complete conversion of prothrombin to thrombin. 

Ac-glohiUn. The study of the stability of coagulation factors in human plasma 
was extended to Ac-globulin. Here again both oxalated and citrated plasmas were 
used (fig. 3 A). Ac-globulin was found to be relatively stable in citrated plasma, 
maintaining full potency for more than a week before entering upon a period of 
gradual decline. Oxalated human plasma on the other hand did not seem to provide 
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a suitable medium for preservation of Ac-globulin activity. Thus at the concentra- 
tions used oxalate and citrate differ in their affect on the stability of what appears to 
be a single plasma fraction, Ac-globulin. The similar results obtained with the Ac- 
globulin assays and the unmodified 2-stage method of prothrombin analysis (fig. 3 
and 4) substantiate further the conclusion that the latter test is sensitive to a fall in 
Ac-globulin when the human pro thrombin/ Ac-globulin ratio passes a certain critical 
value. 

Anticoagulant Concentration. Ac-globulin sensitivity in stored human plasma 
to the factors affecting its stability indicate that these conditions needed to be further 
defined. In the previous studies 0.109 m sodium citrate was combined with whole 
blood in the ratio of two parts to 23. I\ffi[en potassium oxalate was used as anti- 
coagulant one part of a o.io m solution was added to seven parts of whole blood. To 
further investigate the effects of these decalcifying agents sodium citrate was pre- 
pared in 0.50, 0.25, 0.125 0.063 M concentrations and potassium oxalate was 

made up in 0.30, o.io and 0.05 M solutions. To i volume of each anticoagulant con- 
centration were added g volumes of blood, all samples being obtained at one drawing 
of blood. After centrifugation for 30 minutes at 3000 r.p.m. the plasma was removed 
and stored in the refrigerator. The stability of Ac-globulin as observed in these 
plasmas is graphically represented in figure 2. 

This is additional evidence that Ac-globulin is more stable in citrated than in 
oxalated plasma depending, however, on the concentration of anticoagulant used. 
It is evident that at the lower concentrations the Ac-globulin is more stable in both 
mediums. Interestingly enough the plasma stability curv’^es from the bloods mixed 
with the higher concentrations of sodium citrate can be superimposed upon those 
obtained when small amounts of potassium oxalate were used without any identifying 
difference being discernible. The evidence indicates that for optimal Ac-globulin 
stability in human plasma the concentration range for these anticoagulants is low. 
Xo evidence is presented in this study to explain the mechanism of the difference 
between the results obtained with citrate and with oxalate. 

Silicone and Glass Surfaces. Surface phenomena have long been appreciated as 
a factor involved in coagulation. By the use of silicone surfaces Jaques et al. (12) 
have shown that this nonwetting surface will extend the clotting time of native blood 
and plasma. Platelets do not agglutinate nor do they disintegrate so rapidly when 
the blood is in contact with silicone as compared to glass. In order to study the 
effect of surfaces upon prothrombin and Ac-globulin activity in stored plasma the 
following e.xperiment was carried out. Whole blood was taken, centrifuged 15 min- 
utes at 2000 r.p.m. and the plasma removed and stored, utilizing in one case siliconed 
surfaces throughout and in the other the usual glass. 

The type of surface appears to have no effect upon jjrothrombin stability (fig. 
4). However, the fall in activity by the original 2-stage prothrombin technic was 
retarded in the citrated plasma collected in silicone containers. The .Ac-globulin 
level in citrated plasma fell more complctcl}* when in contact with the glass surface 
as compared to silicone ffig. 3). Oxalate apj>ears to liavc altered the .Ac-globulin so 
rapidly in this exjKriment that the i)ossiblc effects of surface are not apparent. 

Ikcau^e most of the formed elements are removed at the inten.sily of centrif- 
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ugation employed in this experiment and, also, considering the lack of a marked 
alteration in stability of the factors studied, it seems reasonable to conclude that 



Fig. 3. Plasma Ac-globulin concentration in glass (. 4 ) and siliconed (B) containers. Plasma 
obtained by standard methods. 



Fig. 4. Prothrombin changes in glass (A) and siliconed (B) containers on storage of human 
plasma. Determinations were carried out by the original and by the modified 2-stage procedure. 
Standard anticoagulant concentrations used. 

there is no direct difference in the effect of a wetting and nonwetting surface upon 
the prothrombin or Ac-globulin stabilit}’- of a stored plasma. However, presumably 
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in a glass container more platelet disintegration would occur than in a siliconed con- 
tainer before separation of the plasma from the cellular elements. A plasma in con- 
tact with glass when finally removed from above the precipitated cellular elements 
would contain a considerable amount of platelet breakdoum products in comparison 
with the plasma taken from a siliconed container where platelet destruction was min- 
imized. Thus the small difference in Ac-globulin stability within the two types of 



5- iN'ri-UEXCE OF CENTRiruGATiOK INTENSITY on Ac-globuUn Stability in stored citrated 
(.4 ) and oxalated (B) human plasma. Plasmas z and ^ were obtained from the same drawing of whole 
blood. Whole blood was collected under standard conditions. 

surfaces becomes of possible significance and would indicate that this might be due 
indirectly to tlie effect of these surfaces on the formed elements of the blood. 

Centriftigalion. In the course of these studies it was observed that the degree of 
centrifugation seemed to affect plasma Ac-globulin stability. Both o.valatcd and 
citrated human bloods were, therefore, subjected to rates and duration of centrifuga- 
tion varying from 5 minutes at 1500 r.p.m. to 30 minutes at 3000. The plasma was 
then removed and stored. With increasing intensity of centrifugation and precipi- 
tation of more cellular elements the plasmas progressed from translucent to clear 
witli respect to transmitted light. Platelets are the suspended elements involved as 
the minimal centrifugation removed most of the en'throcytcs. 
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Ac-globulin stability decreases as the intensity of centrifugation is reduced (fig. 
5). The evidence seems clearly to implicate platelets among those factors which in- 
fluence the stability of Ac-globulin in stored plasma, the presence of platelets having 
an adverse effect upon maintenance of Ac-globulin activity. 

Platelet Factor. To further study the effect of platelets upon the stabilizing 
ability of plasma an e.xtract was prepared by differential centrifugal separation of 
the platelets, trituration and extraction with saline as described in an accompanying 
paper. To 3 volumes of fresh citrated human plasma which had undergone rela- 
tively hard centrifugation (2o.minutes at 4500 r.p.m.) to remove the cellular elements 
was added i volume of the platelet extract or saline. The level of plasma Ac- 
globulin was followed under refrigerated storage conditions and the results charted 
in figure 6. 



Fig. 6. Effect of platelet extract on Ac-globulin stability in stored human plasma decalci- 
fied by a standard sodium citrate concentration. 

The initial high level in the plasma found one-half hour after mixing with platelet 
extract is to be expected because of the existence in platelets of a factor previously 
referred to which accelerates the prothrombin conversion rate and which is additive 
to the plasma Ac-globulin activity. By the end of 24 hours the inhibitory effect 
became manifest and the Ac-globulin titer was less in the platelet extract plasma than 
in the plasma with saline alone added. On continuation of storage the instability of 
Ac-globulin became more marked in the medium containing platelet products. This 
experiment has been repeated and confirmed in citrated and oxalated human plasmas. 
Furthermore, the quantity of platelet extract comparable to that obtainable from a 
physiological platelet concentration (13) causes a distinct decrease in Ac-globulin 
activity. 

From these results it is evident that platelets contain a factor which decreases 
the stability of Ac-globulin in decalcified stored human plasma. This property may 
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be overshadowed initially by the activity of the accelerator liberated from the plate- 
lets. The inhibitory activity is manifest whether oxalate or citrate is used as anti- 
coagulant. 

Further Studies on Prothrombin. Table 2 summarizes the effects of the various 
storage conditions upon prothrombin. When storage was carried beyond two months 
the prothrombin level began to fall. Bacterial action may have been responsible for 
this alteration. Different concentrations of anticoagulants in the range studied seem 
to have no influence on the maintenance of prothrombin activity. Also the platelet 
factor appears not to be of importance in the stability of prothrombin in stored 
plasma. From this data and that recorded earlier the high stability of prothrombin 


Table 2 . Effects of various storage conditions upon plasma prothrombin activity as 

MEASURED BY THE MODIFIED TWO-STAGE METHOD 


A. SILICON'E AKD GLASS 

B. aktjcoagulan*t concentration 

c. TLATEtET 
extract 

Plasma 

Days stored 

Concentration of anti- 
coagulant added to blood 

Prothrombin 
after 30-day 
storage 

Prothrombin 
after 39-.day 
storage 

56 

80 

1 1 


Prothrombin 


Vfcc. 

Vice. 


\ Vice. 

Vice. 

Vice. 




Silicone 

i 



Sodium citrate 



Citrate 

335 

220 

140 

0.063 M 

333 

314^ 





0.125 M 

333 


Oxalate 

345 

314 

182 

0.250 M 

329 

340’ 

! 




0.500 M 

322 


Glass i 




Potassium oxalate 



Citrate 

341 * 

270 

181 

0.05 jM 

333 

320’ 

Oxalate 

330 

28s 

174 

o.ioM 

300 

341' 





0.30 M 

310 



‘ Sample prepared by mixing 3 parts citrated plasma with i part platelet extract before storage 
- Sample prepared by mixing 3 parts oxalatcd plasma with i part platelet extract before storage 
’ Control: 3 parts citrated plasma mixed with i part saline before storage. 

' Control; 3 parts oxalated plasma mixed wth i part saline before storage. 

in stored human plasma stands in contrast to the variable but more rapid decrease 
in actinty .shown by Ac-globulin. 


DISCUSSION 

The conditions of collection and storage have an important relation to the stabil- 
ity of plasma coagulation factors. Determination of prothrombin and Ac-globuiin 
concentrations by improved and specific methods show prothrombin to be quite 
stable, whereas .^c-globulin is much more sensitive to the conditions imposed ujion 
the stored plasma. The presence of platelets or platelet extracts accelerates the rate 
of Ac-globulin inactivation. The effects of various surfaces and centrifugation in- 
tensities afipcar to exist because of their relation to the platelet content of plasmas. 
In addition, .Xc-globulin is less stable in potassium oxalate than in sodium citrate at 
equimolar concentrations and less stable in both anticoagulants at higher 
concentrations. 
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In earlier reports on plasma or whole blood it is not always clear what the condi- 
tions of storage were. Also, the methods of analysis were not specific. The changes 
formerly attributed to prothrombin in stored human plasma were not due to altera- 
tions in the prothrombin itself, but were the result primarily of the change occurring 
in the separate plasma protein, Ac-globulin. Fibrinogen may or may not have been 
involved in results dependent upon the i-stage method of analysis (14-17). Varia- 
tions in fibrinogen do not effect results obtained by the 2-stage technic. 

In general the changes measured by means of the i-stage test indicated pro- 
thrombin to be unstable (18-22), but not all the reports agreed (23-25). Those 
groups of workers that have used both the i-stage and the 2-stage methods of analysis 
report fairly high prothrombin stability by the 2-stage method. Ziegler, Osterberg 
and Hovig (26) feel that the correlation between the two methods is rather good. 
Lord and Pastore (27) on the other hand indicate considerable discrepancy. Both 
utilized bank blood. Warner, DeGowin and Seegers (28) found by the 2-stage tech- 
nic that 50 per cent activity remained after three weeks in stored citrated plasma. 
A somewhat greater loss occurred by the i-stage determinations. 

In 1943 Quick (29) found that upon mixing stored human plasma and fresh 
dicumarol dog plasma an unexpectedly high prothrombin value was obtained by the 
I-stage test. On the basis of this evidence he stated that upon storage of decalcified 
human plasma one factor in the thrombin-forming mechanism is labile while another 
remains stable. These he named, respectively, componenl A and B of prothrombin, 
and postulated that prothrombin is composed of these two essential and separable 
factors combined with calcium. Soon thereafter Seegers, Loomis and Vandenbelt 
(30) predicted a reinterpretation of Quick’s data for, on the basis of extensive pro- 
thrombin purification work, they found no evidence for more than one component of 
prothrombin. 

As early as 1939 Smith and his associates recognized variability in the pro- 
thrombin to thrombin conversion rate (31-33). This was encountered particularly 
in comparison of the times required for thrombin production in various species. 
These differences were attributed to a ‘convertability factor of unknown nature’ (34). 
In working with purified prothrombin Mellanby (35) and Seegers (36, 37) noted slow 
activation of prothrombin to thrombin. 

More recently Owren (i, 2), Fantl and Nance (3, 38) and Ware, Guest and 
Seegers (4, 5) independently identified a substance in normal plasma which is neces- 
sar)’- for the physiological transformation of prothrombin to thrombin. This factor 
was named accelerator globulin (Ac-globulin) by these last investigators because of 
its chemical and functional properties. It appears to be the same as Owren’s factor 
V and the accelerator substance of Fantl and Nance. Honorato (39), referring to a 
plasmatic cofactor of thromboplastin to distinguish it from prothrombin, also appears 
to be dealing with this same substance. Further, from the evidence presented here 
and otherwise now known about plasma Ac-globulin it may be assumed that this 
factor is that with which Quick was primarily concerned when he first postulated the 
component A of prothrombin. 

A modification of Quick’s original concept and terminology was made b}'- him 
in 1947 (40). Component B (prothrombin) was recognized as the compound or frac- 
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tion whicli is the true mother-substance of thrombin. The term componenl A was 
replaced by ‘labile factor’ as a name for the substance which decreases in activity in 
stored oxalated human plasma. Though not described as an accelerator ‘labile 
factor’ presumably applied to that plasma fraction referred to here as Ac-globulin. 
Actually Ac-globuIin is stable in oxalated beef plasma (41) and in citrated human 
plasma when stored at refrigeration temperature. Only under certain conditions is 
this factor found to be unstable. 


smaiARV 

The stability of protiirombin and of Ac-globulin has been studied in normal 
human plasma under various conditions of collection and of refrigerated storage. To 
accurately measure the level of prothrombin activity under storage conditions a 
modification of the original 2-stage method is required in which sufficient accelerator 
substance is provided for full conversion of prothrombin to thrombin. Prothrombin 
was found to be stable in oxalated or citrated stored human plasma. 

Ac-globulin is sensitive to the conditions under which the experiment is carried 
out. At equal molar concentrations of anticoagulants the Ac-globulin is found to he 
less stable in oxalated than in citrated human plasma. At a high citrate concentra- 
tion the Ac-globulin titer may fall as rapidly as in a lightly oxalated plasma. Silicone 
and glass surfaces exert no direct influence on Ac-globulin stability. However, the 
t3q)e of surface by means of its effect upon platelet stability indirectly is related to 
the control of plasma Ac-globulin stability. The degree to which platelets are sepa- 
rated from the plasma by varyhig the centrifugation intensity affects the amount of 
alteration in Ac-globulin on storage. Plasma is found to be a more stable medium 
when the platelet content is low. Addition of a platelet extract to decalcified human 
plasma decreases the plasma Ac-globulin stability. 
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DETROIT, lIiailGAX 

E vidence has recently been reported indicating that plasma contains a 
factor which accelerates the rate of conversion of prothrombin to thrombin 
(1-5). Ware, Guest and Seegers (4) have termed this factor Ac-globulin 
since it is a globulin and since it accelerates the interaction of prothrombin and 
thromboplastin in the presence of calcium ions. Evidence has also been presented 
which indicates that Ac-globulin exists in two forms (6). The enzyme found in 
plasma (plasma Ac-globulin) is probably a proenzyme while that found in serum 
(serum Ac-globulin) is the active catalyst. It has been shown, using purified rea- 
gents, that thrombin is capable of activating the proenzyme (6, 7). As an explana- 
tion of the clotting reactions it has been postulated (6), therefore, that prothrombin 
interacts first with thromboplastin in the presence of calcium ions to form thrombin 
slowly. The thrombin in turn causes the change in activity of plasma Ac-globulin 
to serum Ac-globulin. The latter then intensifies the interaction of prothrombin 
and thromboplastin so that thrombin is formed rapidly. Fibrinogen is then con- 
verted to the fibrin clot through the action of thrombin. 

Variations in the concentration of Ac-globulin could reasonably be e.xpected to influence mark- 
edly the I -stage prothrombin times (8) since this procedure measures the rate of thrombin formation 
(S). On the other hand, such an influence should be partially eliminated in the z-stage method of 
]5rothrombin analysis of Warner, Brinkhous and Smith (g) since in this method the prothrombin is 
allowed to convert to thrombin before analysis is made. That some such factor is involved in these 
methods of assay is suggested by the marked discrepancies in the results reported bj' the two methods. 
Warner, Brinkhous and Smith (10) report the following prothrombin levels obtained by the 2-stage 
method of analysis: dog 100, rat 95, cat 91, rabbit 89, man 84, guinea pig 53, chicken 50, turtle 42. 
Quick (11), using the i-stagc method of analysis, found the following prothrombin relationships: 
dog 100, rabbit 100, cat 60, man 20 and cow 16. Warner, Brinkhous and Smith (10, 12) explained 
this discrepancy by postulating a ‘convertability factor’. These workers noted that man and guinea 
pig prothrombin was converted slowly to thrombin in the 2-stagc assay procedure, while dog and 
rabbit were ‘rajjid converters’. This offered an exjflanation for the relatively low prothrombin values 
for man and the high values of dog and rabbit reported by Quick (i i). Other discrepancies between 
the 2-stage and the i-slagc methods have also been reported and c.xplaincd on the basis of the con- 
vcrlability factor (13-15). If the original hypothesis concerning a convertibility factor is correct 
one might e.xpect a high .\c-globu!in activity in dog and rabbit and lower activity in guinea j)ig and 
man. Partial jmrificalion and develoi)ment of a <iuantitativc method of analysis for .Ac-globulin 
/sO'i has made pfjssible a study of the concentration of this factor in these various species. 

KXPF.UrMF.XTAI, 

Methods. Bloofi was obtained from .stock laboratorj' animals chosen at random. 
7 iie blood was collected i>y arterial cannulation or by cardiac puncture and was 

Itec'ived for publjc.atinn June 14, 104S. 
s Aided by a grant from the National Institute of Health. 
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mixed with 1.85 per cent potassium oxalate in the respective ratio of 7 to i. A por- 
tion of the blood from each animal -was permitted to clot spontaneously in clean dr}'- 
test tubes. Cell free serum and plasma were obtained by centrifugation at 3000 
r.p.m. for 30 minutes. All samples were kept at 5°C. until analyzed. Hematocrits 
were obtained on all specimens and all values reported are corrected for anticoagulant 
dilution. 

Prothrombin analyses were performed by the 2-stage method of Warner, 
Brinkhous and Smith (9). Ac-globulin determinations were done according to the 
procedure described by Ware and Seegers (16). Purified prothrombin for Ac- 
globulin analyses was prepared according to methods of Ware and Seegers (17). To 
minimize variations in reagents all analyses were standardized to controls. These 
controls consisted of bo-vine plasma and bovine serum which were stored at — 2o°C. 

Plasma Ac-glohdin Concentrations. The results of the analyses of the plasmas 
of various species for Ac-globulin are shown in table i. Significant differences in 
activity are seen. Of the mammals studied, man and guinea pig have the lowest 
Ac-globulin concentration while dog and rabbit have the highest, cow being inter- 
mediate. Some variation was noted in the type of prothrombin activation curves 
obtained with plasmas from the different species. This was especially true in the 
case of the rabbit plasma and may be a possible explanation of the variation in Ac- 
globulin concentration found with different samples from this species. Similar 
difficulty was also experienced in the interpretation of the activation curves produced 
by the rat, chicken, and turtle plasmas. 

Prothrombin Concentration. Prothrombin analyses were also performed on 
the same plasmas and the results are shown in table i. With the exception of the 
dog these results correlate fairly well with those obtained by Warner, Brinkhous and 
Smith (10). Repeated analyses have showm the prothrombin of the dog to range 
between 180 and 200 units per cc. while Warner has reported higher values for this 
species. The reason for this discrepancy is not clear. 

Inasmuch as Ac-globulin has been shown to affect not only the rate of thrombin 
formation but also the thrombin yield (4, 5), it occurred to us that perhaps in some 
species a lack of Ac-globulin might be limiting the final thrombin yield and therefore 
gmng too low a prothrombin value when measured by the 2-stage method. To test 
this possibility an optimum amount of Ac-globulin was supplied in the 2-stage 
method. For this purpose prothrombin-free bovine serum was supplied in the 2- 
stage method so that it was diluted 800 times in the final clotting mixture. The 
results are shown in table i. It is evident that no outstanding difference was noted 
in the prothrombin values obtained by the 2-stage method of Warner, Brinkhous 
and Smitli and by the modified method (18). 

Serum Ac-globulin. Analyses of serum for Ac-globulin activity are shown in 
table I. The data indicate that the values for the serum showed marked variation 
in activity from what might be expected when compared to homologous plasma 
values. Human and dog serums showed marked loss of Ac-globulin activity as 
compared to bovine. It was found that if human or dog blood was centrifuged for 
10 minutes immediately after withdrawal, serum Ac-globulin activity of comparable 
degree to plasma could be demonstrated. Furthermore, it has been shown that on 
storage there is a rapid loss of Ac-globulin activity in these sera. Rabbit serum is 
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more like beef serum in that its Ac-globulin activity is relatively stable. In some 
instances as much as 50 per cent of the activity remained at the end of 24-hour 
storage at room temperature. 


Table i. Concentration- or PROTHROiiBiN, plasma ac-globulin and serum ac-globulin tor 

VARIOUS SPECIES 


SPECIES 

1 

1 PEOTHROM- 
BIN 

( 2 -Stage) 

PROTHROM- 

BIN’ 

( 2 -Stage, 1 
mod.) 

PLASMA 

AC-GLOBH- 

LIN 

SERUM 

ac-globu- 

LIN'J 


' V/cc. 

vice . 

1 vice . 

v / cc . 

Cat 

281 

281 

170 

91.2 


253 

253 

123 

60 


271 i 

302 

127 

99 

Dug 

210 

210 

167 

<I 


190 

200 

203 

<1 

1 

1 

205 

I 215 

158 

<I 

Guinea i>ig 

i 212 

j 249 

38 

10.8 


1 203 

212 

40 

<i 


j 210 

1 214 

1 



Kahhit 

1 239 

i 

i 239 j 

I 2 I 

67 


1 249 

249 

142 

233 


: 221 

215 

92 

233 


i 1 

2 f )5 

310 


Ka 

1 

1 320 

.330 

1 

i 73 



j 322 

342 

55 

<i 


i 323 

1 

333 



Chickfu 

i no 1 

t ii8 j 

3-2 

<I 


j 95 

97 1 

4.0 

<i 


1 ! 

1 oS i 

i ' 1 

4.7 


'I’urtk- 

68 

i ; 

I i 

3-0 

<i 

Human- 

i 

1 

290 

1 1 

290-315 1 

1 1 

12-17 

<i 

Bovine^ 

250-285 

250-285 i 

I 20-140 

70-90 


■ .At room temperature, and ,50 minutes after clotting in ordinary clean glassware. 
• Pooled: 4 turtles; 12 humans; 15 cows. 


Comparison nj Plasma Ac-plobidin and Scrum Ac-globulin. I’he original in- 
vcstig.ations concerning the inactive form of plasma Ac-globulin and its change to 
active serum .Ac-globulin as the re.sult of the action of thrombin were made with 
media of bovine origin (7). The Ac-globulin activity in the sera of man and dog is 
s^) unstable it is jxissible to demonstrate the change in activity from plasma Ac- 
globulin to .c'.njm Ac-globulin only under specially controlled conditions, 'rhereforc, 
the following e.xjK.’riment was performed in order to demonstrate the change of 
;u;tivity of plasma Ac-globulin to serum .Ac-globulin in human hlood. 
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Blood was obtained by venipuncture using syringes and glassware which had 
been treated with dri-film according to the technic of Jaques el al. (19). No anti- 
coagulant was used. The blood was centrifuged at 20,000 r.p.m. for one hour at 
5°C. and the plasma, which was free of fibrin, was separated from the cells by the 
technic described by Patton, Ware and Seegers (20). Theplasma was then analyzed 
for Ac-globulin activity. At room temperature coagulation of the plasma occurred 
slowly and the fibrin was removed. Analyses were then repeated on the serum 
under identical conditions. The curves in figure i represent the activation of purified 
bovine prothrombin by the Ac-globulin from the serum and plasma sources in the 
presence of thromboplastin and calcium ions. Curv'^es A and B represent the activa- 



Fig. I. Activation of purified prothrombin solution with excess thromboplastin, optimum 
calcium ion concentration. Sources of Ac-globulin were o) human plasma collected wth silicone 
technic diluted 1500 times and 6) the same human plasma after slow spontaneous clotting and also 
diluted 1500 times, 

tion of the prothrombin in the presence of Ac-globulin from human plasma before 
and after clotting had occurred. In each case the human serum and human plasma 
was diluted 1500 times in the final clotting mixture. It is evident, therefore, that 
a similar relationship exists between plasma and serum Ac-globulin of human origin 
as reported for bovine origin (6, 7). However, because of the instability of human 
serum Ac-globulin this relationship may be easily overlooked. If small amounts of 
thrombin, for example, about 2 to 5 u/cc., are added to human plasma the same 
change in the activity of Ac-globulin can be observed. A similar relationship 
between plasma Ac-globulin and serum Ac-globulin has been demonstrated with the 
plasmas of dog, rabbit and guinea pig. 

DISCUSSION 

The findings of plasma Ac-globulin concentrations of 150 to 200 u/cc. for dog, 
12 to 17 u/cc. for man, and 30 to 40 u/cc. for the guinea pig offer adequate experi- 
mental support to the contention of Warner, Brinkhous and Smith (10, 12, 15) that 
the difference in prothrombin analyses in various species between the i-stage and 
2-stage methods is attributable to a factor which influences the rate of conversion 
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of prothrombin to thrombin. The prothrombin values of the mammals studied fell 
in the range of 200 to 300 u/cc. while the Ac-globulin concentration varied between 
15 units for man to 350 units for rabbit. On the other hand, if the i-stage method 
is utilized, the values for dog and rabbit are five times as great as for man. It would 
appear, therefore, that the concentration of Ac-globulin has a profound influence 
on the determination of prothrombin by the i-stage method. Owren’s description 
(3) of a syndrome characterized by a deficiency of a factor which we believe to be 
identical with Ac-globulin, resulting in an apparent prothrombin deficiency as 
measured by the i-stage method, emphasizes the need for further consideration of 
the problem. 

Evidence has been reported from other laboratories which substantiates the 
findings presented here. Owren (2) has reported the activity of Factor V to be 
greater in bovine and guinea pig plasma than in human plasma. Fantl and Nance 
(21) have shown that if human plasma is diluted with plasmas of various species 
from which the prothrombin has been removed by aluminum hydroxide or barium 
carbonate, shorter coagulation times result. Rabbit plasma causes the shortest 
coagulation time followed by dog and then guinea pig plasma. 

In the bovine species both Ac-globulin and prothrombin values are relatively 
high (table i). Curiously, Quick (ii) reported low prothrombin values in this 
species. This discrepancy suggests that some factor other than Ac-globulin might 
be involved. The question of homologous reagents in species specificity cannot be 
ignored. The data available do not offer an adequate explanation for the discrep- 
ancy. 

The use of a modified 2-stage method of protlirombin analysis has indicated 
that the original 2-stage method of Warner, Brinkhous and Smith is unaffected by 
increased amounts of Ac-globulin. It has been shown, however, that the 2-stage 
method also indicates apparent losses of prothrombin activity where exceptionally 
low Ac-globulin concentrations are involved (2, 4, 5). In such instances only the 
modified 2-stage technic gives reliable results. It is apparent, therefore, that some 
data obtained with the 2-stage technic may need to be reinterpreted. In work with 
purified prothrombin serious difficulty wasicncountered (17) . Furthermore, Owren 
(3) showed that there is not sufficient Ac-globulin in parahemophilia to insure the full 
prothrombin titer. Experiments on storage plasma, currently being conducted in 
this laboralorjf, also show that a lack of Ac-globulin may effect the 2-stage method. 
It is not at once apparent why turtle plasma can be analyzed by either the original 
or modified procedure since its plasma contains only 3 u/cc. of Ac-globulin. It must, 
however, be realized that there is as yet no adequate information on the relative 
amounts of Ac-globulin which must be associated with prothromlnn if the 2-stage 
method for prothrombin analysis is to be unaffected. In the turtle the ratio of pro- 
thrombin/Ac-g!obulin is 70/3 and in man about 300/12. The human si)ccies, there- 
fore, has fewer Ac-globulin molecules for each prothrombin molecule than the turtle; 
in fact, fewer than any other sjwcic^ studied. On this basis it becomes aj)f)arent that 
a reduction of .Ac-globulin below normal in man will markedly increase the ratio of 
prothrombin to ;\c-gIobu!in. This concept may be of considerable consequence. 
Trie low .Ac-globulin activity of human plasma, and a high prothrombin/.Ac-globtilin 
ratio, fugsrc'^t' that a narrow margin of safety exists. If loss of Ac-globulin activity 
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occurs in diseased conditions, the effect on the coagulation mechanism may be serious. 
Furthermore, we anticipate that the ratio of pro thrombin/ Ac-globulin will be of fully 
as much significance as a knowledge of the absolute concentration of either of these 
factors. This idea was already implied in the work of Smith and his associates when 
they spoke of compensatory mechanisms for low prothrombin values (13, 14). 

In most species, including man, serum Ac-globulin is not very stable. The cow and 
the rabbit are outstanding exceptions, but the reason is not clear. The ultimate cause 
of instability will probably be ascribed to the action of thrombin. Certainly it has 
been demonstrated that thrombin in sufficient concentration will destroy Ac-globulin 
(7). It does not seem necessary to postulate the existence of a special inhibitor of 
serum Ac-globulin, as has already been suggested by Owren (22). 

SIIMJL 4 RY 

Analj'ses of plasmas of selected species indicate that the relative concentration of 
plasma Ac-globulin, in units per cc., is as follows: man 12 to 17, dog 150 to 200, cat 
130 to 170, rabbit 150 to 300 and guinea pig 30 to 40. The conversion from plasma 
Ac-globulin to serum Ac-globulin has been shown to take place in human, dog, rab- 
bit, guinea pig and cow plasma; however, the stability of serum Ac-globulin varies 
considerably in the species studied. In man and dog serum Ac-globulin is extremely 
labile while in bovine and rabbit serum the factor is much more stable. The reported 
differences in the concentrations of Ac-globulin in the various species offer at least a 
partial explanation for the reported discrepancies of prothrombin values obtained by 
the i-stage and the 2-stage methods, the latter, when modified, giving the correct values. 
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PLATELET EXTRACTS, FIBRIN FORMATION AND INTER- 
ACTION OF PURIFIED PROTHROMBIN AND 
THROMBOPLASTIN ^ 

ARNOLD G. WARE, JOHN L. FAHEY, Airo WALTER H. SEEGERS 
From the Department of Physiology, Wayne University College of Medicine 

DETROIT, MICHIGAN 

I T HAS been generally accepted that blood platelets accelerate the blood co- 
agulation process by supplying thromboplastin. Two groups of investigators, 
however, recently reported that platelets do not supply much thromboplastin 
but aSect the coagulation process in other ways (i, 2). Mann, Hum, and Magath 
(i) demonstrated that platelet extracts restore to normal the delayed prothrombin 
time of stored human plasma only when additional thromboplastin is also pro\'ided. 
They conclude that platelets supply very little thromboplastin but that they poten- 
tiate the action of tissue thromboplastin. Quick (2) reports that platelets accelerate 
the clotting reaction not by supplying thromboplastin but by furnishing a substance 
which changes an inactive form of thromboplastin to active thromboplastin. 

The availability to our laboratory, in purified form, of a number of the principal 
factors which participate in the clotting reactions offered opportunity for elucidating 
further the e.xact role of platelets in blood coagulation. The results show that 
platelets contain only small amounts of thromboplastin. Two other substances are 
present. One is an accelerator w'hich catalyzes the change of prothrombin to 
thrombin by thromboplastin and calcium ions. It acts like serum Ac-globulin. 
The second substance, like acacia (3) and some other colloids, hastens the action of 
thrombin on fibrinogen. We have found no previous reference to this factor and in 
this paper it is referred to as platelet factor 2. 

EXPERIMENTAL 

Preparation of Platelet Extracts. Platelet extracts were ])repared oxalatcrl from bovine blood 
by fractional centrifugation. .At the slaughter house 350 cc. of blood were collected from a stab 
wound and mixed immediately with 50 cc. of 1.85 per cent potassium oxalate solution. Within one 
hour after collection the blood was centrifuged at room temperature at 1500 r.p.m. until most of the 
red cells had settled. The plasma, which still contained many red cells, was withdrawn and centri- 
fuged .it o C. in an angle head centrifuge at 4500 r.p.m. for 20 minutes. The platelets and red cells 
packed at the liottom of the tube were then resuspended and thoroughly mixed with 30 cc. of saline. 
Red cells were mostly removed from this solution by light centrifug.ation at room temperature .and 
the Eus;>cndcd platelets were removed by further centrifugation for 15 minutes .at 3000 r.]i.m. in 
conical tulics. 'Hie supernatant fluid w.as discarded and the platelet mass w.as carefully removed 
from the rcm.aining red cells jiacked at the liottom of the tube. When these platelet concentrates 
were cx.amined on slirles fireparcrl with Wrights’ stain about 500 platelets were found for each 
erythrocyte. 

Extracts of the pbtelct concentrates were prcparcti by thorough trituration in a mortar with a 
Received for pi!bi;c.ation June 14, ip.jS. 
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small amount of saline. Additional saline was then added to bring the volume of the extract from 
0.2 cc. of centrifuge packed platelets to 5 cc. The macerated platelet fragments were removed from 
the extract by centrifugation at 3000 r.p.m. for 15 minutes. 

Preparation of Frolltroinbin. Prothrombin was prepared from bovine plasma by the most 
recently described metliods (4). The last traces of Ac-globulin were removed by heating for two 
hours in water solution at 33° C. 

Preparation of Thromboplastin. Two hundred cc. of crude thromboplastin prepared from 
bovine lung (5) were centrifuged 30 minutes at 45,000 r.p.m. in a Sharpies Super Centrifuge. The 
precipitate was resuspended in 200 cc. saline, resedimented, resuspended in 25 cc. saline and cen- 
trifuged at 2000 r.p.m. for 5 minutes to remove gross particles. The thromboplastin remaining in 
the supernatant fluid is verj" active and free of Ac-globulin (4). 

Preparation of Fibrinogen. The detailed procedure has already been described (6). Briefly, 
oxalated bovine plasma is frozen, allowed to thaw slowl}-, and the fibrinogen remaining insoluble at 
2° C. is har\'ested by centrifugation, thorough washing and solution in saline. The product was 
used onh' when the total jKOtein was at least 95 per cent coagulable with thrombin. 

Preparation of Thrombin. Thrombin was prepared from purified prothrombin by a variety of 
procedures employed while studying methods for obtaining highl}' purified tlirombin. This work is 
not complete as 3’et and a detailed description will verj- probabh' be offered for publication at a later 
date. All preparations used had a specific activit}' equal to or greater than those described bj' 
Seegers and McGinty (7). 

Analysis for Prothrombin. Both the unmodified two-stage method of Warner, Brinkhous and 
Smith (5) and the modified procedure of Seegers and Ware (8) were used. The modification consists 
of the addition of serum Ac-globulin (diluted beef serum) in the first stage of the reaction to insure 
complete activation of prothrombin. 

Analysis for Thrombin. The quantitative procedure described bj' Seegers and Smith (3) was 
followed. 


RESULTS 

Platelet Accelerator. An accelerator of the first stage of coagulation was shown 
to be present in platelets b}'- the same procedure used for demonstrating the presence 
of serum Ac-globulin in serum (9). 'When a dilute solution of purified prothrombin, 
standardized to contain 1.34 u/cc., is allowed to react with thromboplastin and 
calcium ions in the two-stage prothrombin procedure, the production of thrombin is 
quite slow and its eventual 3deld is comparatively low. If serum Ac-globulin is first 
added to the reaction mixture, the rate of thrombin production is increased in propor- 
tion to the quantity of Ac-globulin added and the yield of thrombin also' increases. 
By increasing the Ac-globulin concentration stepwise, one obtains a series of pro- 
thrombin activation curves like those depicted on figure i (hea\y solid lines). If 
plasma is used as a source of Ac-globulin one obtains a similar series of activation 
curves (10) but the shape of the curves is of a more rectangular nature (fig. i, broken 
lines). The fundamental reason for the difference between plasma Ac-globulin and 
serum Ac-globulin resides in the fact that plasma Ac-globulin is the precursor of 
serum Ac-globulin (9) and must first be acted upon by thrombin in order to become 
the active accelerator. 

When platelet extracts are examined by this procedure it becomes apparent that 
the extracts contain an accelerator of the first reaction of clotting. Furthermore 
it is present in an active form similar in that respect to serum Ac-globulin. In fact, 
the platelet extract can serve as a substitute for serum Ac-globulin, the kinetics of 
prothrombin activation being identical with either substance. This can be seen by 
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examination of figure i where two curves obtained with platelet accelerator show the 
same contours as those obtained with serum Ac-globulin. If a given solution of 
platelet accelerator is matched in accelerator activity with a solution of serum Ac- 
globulin both can be diluted serially and the accelerator acti\dty in each will remain 
quantitatively identical. The serum Ac-globulin activation curves can, therefore, 



Fir. I . Acceleration or thrombin forsi.\tion by varying concentrations of serum Ac-globu- 
lin, plasma .-Xc-globulin, an'I platelet accelerator. The heavy continuous lines represent prothrombin 
activation curves obtained by incubating graded amounts of serum . 4 c-globulin with constant 
amounts of purified jirothrombin (1.34 u/cc.), thromboplastin, and calcium ions for varying lengths 
of time (abscissa) under the conditions siiccified by the 2-slagc procedure for prothrombin analysis 
(5). The thrombin formed in this reaction was measured by adding fibrinogen and recording the 
clotting time (ordinate). The prothrombin and thromboplastin were essentially free of accelerator. 
Concentrations of serum .^c-globulin (u/cc. X 1000) are represented by the large numbers at the 
lojis of the curves. 

The two broken lines rejiresent prothrombin activation curves obtained by the same method of 
analysis but with two different concentrations of plasma .-\c-glol)ulin instead of scrum Ac-globulin. 
The slopes of these curves are not the same as the curves for scrum Ac-globulin because the inactive 
plasma .\c-globulin is being changed to active serum Ac-globulin during the period of incubation. 
The two light continuous lines represent prothrombin activation curves obtained by the same 
melliod of analysis but with two different concentrations of jilatclct accelerator. The slopes of 
these curves are identical with those for serum Ac-globulin. lloth platelet and serum accelerators 
are active and are not proenzymes like plasma Ac-globulin. 


be u?cd for the quantitative determination of platelet accelerator activity. The 
as.say procedure has accordingly been made identical to that already described for 
the quantitative determination of scrum .Ac-globulin (9), and, by definition, a unit of 
platelet accelerator is equivalent to a unit of scrum .Ac-globulin. 

Relatixc Amnimls of Acfclcrator in Plaldcls and in Plasma. A compari.son of the 
a.ctivation of prothrombin in the presence of serum Ac-globulin and in the prc.sence 
of platelet accelerator reveals that approximately onc-lwentieth of the total ac- 
ivlerator activity derived from bovine blood i.s from platclts. This comparison is 
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based on the assumptions that 100 cc. of bovine blood contains 0.5 cc. of centrifuge- 
packed platelets, and that the platelet accelerator ,is quantitatively extracted by the 
procedure outlined. 

Properties of Platelet Accelerator. The ph5^sical and chemical properties of the 
accelerator present in the platelet extracts were investigated further. When heated 
at 53°C. for 10 minutes, 30 per cent of the activity was lost; when heated for 30 
minutes, 87 per cent of the activity was lost. The accelerator remained fully active 
when the extracts were dialyzed against 0.9 per cent saline at room temperature. 
\^dien a platelet extract was half saturated witli ammonium sulfate, a white precipi- 
tate was formed. This precipitate, after centrifugation, solution in saline and 
dialysis to remove ammonium sulfate, contained 55 per cent of the original activity. 
This precipitate gave positive Biuret and Millon’s tests. An aqueous solution of 
this precipitate was not coagulated by heat. From 70 to 80 per cent of the activity 


Table i. Effect of platelet extract on clotting time of a mixture of purified thrombin 

AND fibrinogen 


PLATELET EXTRACT 

SALINE 

THROMBIN 

SOLUTION 

BUFFERED 
SALINE* i 

1 % FIBRINOGEN ; 

1 

CLOTTING TIME 

CC, 

CC, 

CC, 

i 

CC, 

CC, 

sec. 

0 

I 

I 

2 

I 

15.8 

I 

I 

0 

2 


(dots in 5-10 min.) 

I 

0 

I 

2 

I 

II. 0 

0-5 

0-5 

I 

2 

I 

12 , y 

0.25 

0.75 

I 

2 

I 

' 14. 1 

0.125 

0.875 

I 

2 

I 

IS-I 

0 

1-5 

0-5 

2 

I 

30-0 

I 

o-,? 

0.5 

1 2 

I 

19.7 


All solutions were made in o.g% sodium chloride. Temperature — 28°C. 

' Made up so that the final clotting mixtures contained i/io its volume of imidazole buffer (i i) 
and 0.15% calcium chloride (0.0*136 m). . 


was sedimented by centrifugation for 45 minutes in a multispeed attachment rotor. 
The force was about 32,000 G. 

Platelet Factor 2. This factor decreases the time required for thrombin to 
clot fibrinogen. Although this factor shows only moderate activity, failure to 
recognize its existence has probably resulted in faulty interpretations of experimental 
results. 

The addition of a certain thrombin solution to purified fibrinogen caused a clot 
to form in 15.8 seconds (table i). The addition of the same amount of thrombin 
plus platelet extract caused a clot to form in ii seconds, even though the platelet 
extract alone did not clot the fibrinogen in 10 minutes. Wlien a less concentrated 
thrombin solution, which caused clotting in 30 seconds, acted in the presence of 
platelet extract, the clotting time was reduced to 19.7 seconds. As an incidental 
observation it has been noted repeatedly that a mixture of thrombin and platelet 
extract produces a coagulum in about one minute. This coagulum is probably not 
fibrin even though it has much the same physical appearance. The coagulum can be 
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removed and the factor 2 effect can still be observed. Factor 2 can also be demon- 
strated with the use of oxalated bovine plasma (table 2). 

Properlies of Platelet Factor 2. Platelet extracts, prepared as described above, 
remained fuUy active when heated for 30 minutes at 53°C. AU the activity also 
remained when the extract was dialyzed against saline for one hour. By half saturat- 
ing an extract with ammonium sulfate, about half the activity could be demonstrated 
in the dissolved precipitate, after the latter solution had first been freed of ammonium 
sulfate by dialysis. All the activity remained in the supernatant solution after 
centrifugation at 32,000 g. for 45 minutes. 

Thromboplastin in Platelet Extracts. In order to obtain an estimate of the 
thromboplastic activit}’’ of platelet extracts they were allowed to react with purified 
prothrombin both in the presence and in the absence of Ac-globuhn. The pH was 
adjusted to 7.2 by addition of imidazole buffer (ii). Calcium chloride was supplied 
at a concentration of 0.15 per cent (0.0136 m) in the final mixtures. "When platelet 
extracts were incubated at 28°C. with sufficient prothrombin to give a final concen- 


TaBLE 2. EfEF.CT of 1'I.ATF.LET extract on clotting time of a mixture of purified thrombin 

AND OXALATED BOVINE PLASMA 


platelet 

EXTRACT^ 
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2 parts 

I iiart I 
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i 25 

I part 
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I os 
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li part j 

45 
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1 2 parts i 

i I part 

0 1 

1 

no dot 
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' Made up in o.g% sodium chloride solutions. 


tration of 1.34 u/cc., no detectable amount of thrombin was formed in periods up to 
one hour. Neither did the addition of purified serum Ac-globulin to the mixture of 
jirothrombin and platelet extract result in thrombin formation in a one-hour period. 
Addition of tissue thromboplastin to the mixtures of prothrombin and platelet e.x- 
tracts caused a rapid production and maximum yield of thrombin in three to five 
minutes. 

When the prothrombin concentration was increased to 330 u/cc., appro.ximately 
physiological concentration, the addition of platelet extracts caused a slow but 
definite production of thrombin. A 20 per cent yield of thrombin developed in a 
])eriod of 2 hours and after 24 hours the titer was not much higher. These experi- 
ments indicate that the platelet extracts contain only a small amount of tlirombo- 
]da?,lin, if any. 'I’he experiments do not indicate whether the platelet accelerator 
ran activate siime prothrombin. This jxissibiUty seems remote. 

UISCUSSION 

In agreement with recent reports of others (i, 2) which were based on clotting 
times of mixtures of plasmas taken from various inrlividuals, our results obtained 
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with purified prothrombin indicate that platelets contain only a small amount of 
thromboplastin. The relatively large amount of accelerator present in platelets was 
probably mistaken by early investigators for thromboplastin. Feissly (12) mentions 
tlie presence of two tliromboplastic substances in platelets, one of which is heat stable 
and the other heat labile. His thermolabile platelet thromboplastin is probably the 
platelet accelerator described in this paper and should properly be regarded as an 
accelerator rather tlian as thromboplastin. 

Platelet accelerator and serum Ac-globuhn (9) appear to be similar with respect 
to their acceleration of prothrombin activation, their precipitation b}^ half saturation 
with ammonium sulfate, and their destruction by heating at 53°C. The two ac- 
celerators differ somewhat, however, in their thermo-stabilities at 53°C. (table 3), 
serum Ac-globuUn being destroyed more rapidly. A marked difference between the 
two substances lies in the fact that platelet accelerator is mostly sedimented at high 
centrifugal speeds, whereas serum Ac-globulin, in the form of bovine serum, is not 
sedimented under these conditions. Therefore, it appears that the two accelerators 
are entirely different proteins. 


Table 3. 

Stability of platelet 

EXTRACTS AND OF SERUM 

AC-GLOBULIN AT 53 °C. 

Ti»rK 

Factor 1 

AcrmiY 

Plalctel Extracts 

Factor 2 

Scrum Ac-G!obuli» 

min. 

■% 

% 

% 

0 

lOO 

TOO 

100 

10 

70 

100 


IS 

* 


7 

30 

13 

100 

0 


Platelet factor 2 decreases the time of clot formation when present in mixtures 
of thrombin and fibrinogen. This property of platelet extracts diminishes readily 
on dilution so that it could not be expected to affect the rates of clot formation in 
highly diluted plasmas. However, where the plasma is used in high concentrations 
it is feasible that enough platelet factor 2 could be present to decrease clotting times 
appreciably. 

Platelet factor 2 may be associated in some way with the substance in these 
platelet extracts which clots in the presence of thrombin. This substance is very 
similar in appearance to fibrin. However, its precursor is probably not fibrinogen 
because it appears to be unaffected by heating at 53°C. for 30 minutes. In addition, 
it is not coagulated and remains clottable with thrombin even after being heated. 
Fibrinogen is completely denatured under these conditions. It remains to be seen 
whether these ideas can be developed. 

Before attempting to integrate the information on platelet extracts with recent 
observations on prothrombin activation it is necessary to review certain pertinent 
facts, a) It has been shown that thrombin can be derived from purified prothrombin 
even in the absence of thromboplastin, Ac-globulin or calcium ions (4). This 
indicates that prothrombin, by itself, contains aU the necessary structural material 
for the formation of the thrombin molecule, and further that thromboplastin, Ac- 
globulin and calcium ions act merely as catalysts of thrombin formation. It appears 
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that the only way to escape this conclusion is to postulate that the thrombin formed 
in the presence of thromboplastin, Ac-globulin, and calcium ions is different from 
that derived from prothrombin in their absnce. h) Thromboplastin and calcium 
ions, in the absence of Ac-globulin, activate purified prothrombin slowly with a loss in 
total yield of thrombin (4). c) Plasma Ac-globulin is activated by small amounts of 
thrombin (9). 

The experiments reported in this paper demonstrate that platelets contain an 
active accelerator and also small amounts of thromboplastin. These platelet con- 
stituents appear to be present in sufficient amounts to catalyze the formation of 
enough thrombin to change the inactive Ac-globulin of the plasma to the active form. 
In this way the platelets appear to retain their traditional role of trigger mechanism. 
This was recently again demonstrated very convincingly by the work of Brinkhous 
(13). More data are required for the rigid formulation of the exact role of thrombo- 
plastin of platelet origin and of the relative effects of the various amounts of pro- 
thrombin, Ac-globulin, calcium and thromboplastin on thrombin formation. Prob- 
ably, under physiological conditions, thromboplastin of tissue origin is the chief 
source of this substance. 

Although a number of uncertainties remain, it nevertheless seems appropriate to 
attempt to harmonize known facts as follows: thromboplastin of platelet origin, 
tissue origin, or both, according to the circumstances of the wound or the drawing of 
the blood, acts on plasma prothrombin to form a small amount of thrombin; platelet 
accelerator serves to catalyze the initial stages of this reaction; plasma Ac-globulin is 
activated by the first small amount of thrombin to serum Ac-globulin. The latter 
then becomes the main accelerator; and, finally, thrombin is produced rapidly and a 
clot forms. This correlation of events in clotting is in harmony with those made 
previously (9, 14, 15) on the basis of plasma constituents alone. The equations may 
be represented as follows: 

Thromboplastin -f Prothrombin >• Thrombin 

Platelet .-Vccelerator 

Thrombin 

Plasma .Xc-globuhn > Serum Ac-globulin 

C++ 

Thromboplastin -r Prothrombin >■ Thrombin 

Platelet .'■Xccclcrator 

Scrum Ac-globulin 

. Thrombin 

Fibrinogen > Filinn 

,-\s the minor source of accelerator, platelets serve the primary function of 
beginning the events of clotting. Serum Ac-globulin furnishes the ‘follow through'. 

A dcticicncj' of cither can thus cause a bleeding diathesis but neither of the two sub- 
stam:c.s is absolutely necessaiy’ for thrombin production. 

It has been pointed out jireviously that no one-stage method for prothrombin 
analysis can distinguish between the concentration of prothrombin and its activation 
rate (8, tb). The one-stage methods also cannot account for variations due to 
fdirinogen reactivity (17) aiul for variables due to the plasma medium itself from 
one species to another (31. 'IVo further variables must now be considered; namely, 
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a) platelet accelerator and b) platelet factor 2, both of which may affect the rates 
of clot formation. 


SimM.4RY 

With the use of purified clotting agents it has been shown that bovine platelet 
extracts contain an accelerator of prothrombin activation. They contain only a 
small amount of thromboplastin. The accelerator is apparentl}'- present in platelets 
in the active form and acts in a similar manner to serum Ac-globulin. The platelet 
accelerator is apparently a protein. It is destroyed by heating at 53°C., is non- 
dialyzable and is precipitated b}’- half saturation with ammonium sulfate. It is 
sharply distinguished from Ac-globulin by being mostly sedimented by centrifuga- 
tion at 32,000 G. 

Bovine platelets also contain a substance which hastens the second stage of 
clotting. This substance is non-dialyzable, stable to heat at 53°C. for 30 minutes, 
precipitated by half-saturation with ammonium sulfate, and is not sedimentable by 
centrifugation at 32,000 g. Platelet extracts shorten considerably the clotting time 
of bovine plasma. 

It has been postulated that platelets aid in the initial formation of thrombin 
primarily by catalyzing the interaction of prothrombin and thromboplastin. This 
thrombin then activates the inert plasma Ac-globulin to its active counterpart, 
serum Ac-globuUn, which acts as the principal accelerator of the first stage 
of clotting. 
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ABILITY OF THE STOMACH TO PRODUCE ELECTRICAL 

ENERGY 

WARREN S. REHM and LOWELL E. HOKIN 

From the Department of Physiology, University of Louisville, School of Medicine 

LOUIS\'II.LE, KENTUCKY 

f^ N ATTEMPT has been made in previously published work to throw further 
/ \ light on the intimate mechanism of gastric secretion by studies on the elec- 
JL ^ trophysiology of the stomach. Specifically, the experiments were designed 
to test the hypothesis that electrical energy proxdded the energy necessary for the 
production of the osmotic work involved in the formation of the HCl of gastric 
secretion. Implicit in this h3Tpothesis is the assumption that the mucosa of the 
stomach can produce sufficient electrical energy for the required amount of osmotic 
work. 

In a former paper ( r) an attempt was made to determine the ability of the stomach to produce 
electrical energy by placing low resistance, non-polarizable electrodes on opposite sides of the stomach 
wall and shunting these through a low external resistance. These findings can be illustrated by refer- 
ence to the equivalent circuit of figure i.\ where E, represents the electromotive force of the stomach, 
R, the resistance of the stomach wall, Rt the resistance of the electrodes applied to opposite sides of 
the stomach wall, Rx a fixed resistance of one ohm, and 5 a switch for closing the circuit. The po- 
tential dilTcrencc (P.D.) was measured across the stomach wall with a potentiometer with switch 
S open. This switch was then closed and the electrical current in the external circuit was detcrminc'd 
by measuring the IR drop across the one-ohm resistor. It was found that the current in the external 
circuit remained relatively constant with respect to lime. Evidence was presented indicating that 
the total IR drop through the circuit was essentially equal to the open circuit P.D. across the stomach, 
and that the electromotive force, therefore, did not decrease with time. The average electrical 
energy production, under these conditions, was found to be 8.9 microwatts per cm.-, which is only a 
small fraction of the amount of energy needed for the production of the HCl of the gastric secretion. 
It was pointed out, however, that this method probably does not measure the total ability of the 
electromotive forces of the stomach to produce electrical energy and that the total production of 
electrical energy might be much greater than that found with this method. For example, if there 
arc shunts inside tlie stomach, this method would underestimate the stomach’s ability to produce 
electrical cnergj-. .As will be seen in the following analysis, the problem of determining how much 
electrical energy the stomach can produce is an extraordinarily difficult one. There is one approach, 
however, that might be expected to throw further light on the problem. This approach is based on 
the finding that the magnitude of the electromotive force giving rise to the P.D. across the stomach 
wall apparently docs not decre.asc with time during the flow of current under the conditions in the 
above described experiments. Since the electromotive force does not apparently decrease with time, 
it is reasonable to believe th.at it could produce more electrical energy than the amounts obl-aincd in 
the .above experiments. The question arises as to how much more electrical energy the electromotive 
force of the stomach, giving rise to the P.D. across the stomach ■wall, can produce. The present 
p.i{n-r ts primarily concerned with an attempt to obtain an answer to this question. 

The c<?f-ritial principle of the method used in the present paper can be illustrated by reference 
to tie' csreiiii in figure ill. This circuit is essentially the same as the circuit of figure i A except that 
an extsmal battery, E,, :■ placed in scries with the stomach. Tlic electrical energy |)roduced in the 
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circuit ^voulcl be equal to {Ei + E,)I and that portion produce! by the stomach equal to EJ. The 
maximum ability of E, to produce electrical energ3' (assuming ho shunts in the stomach) could be 
determined b}' increasing the magnitude of Ex so as to increase the current / until the product of E, 
and / reaches a maximum. The most dilBcult aspect of this problem is the determination of E, 
during the passage of current across the storhach. It is conceivable that with this method the elec- 
trical energy production of E, would be greater than the maximum electrical energy that could be 
obtained from Es, if it were possible to connect a shunt of verj' low resistance directly to the ‘termi- 
nals’ of E,. This possibility would depend on the relationship between the internal resistance of 
E, and its ability to produce electrical energy when connected in series with an external electromotive 
force. It should be pointed out that the internal resistance of E, is less than the total resistance 
across the stomach wall since it has been shown (13) that E, originates somewhere between the sub- 
mucosa and mucosal surface ’(probably nearer the mucosal than submucosal surface). 

The magnitude of jE* could theoretically be determined during a period of current 
flow through the stomach, by measuring the P.D. across the stomach during this 
period. From the laws of electrical networks it follows that: 

Eg = Em — K 1 I 

where Em is the P.D. measured across the stomach wall, R the resistance of the 
stomach wall, and I the magnitude of the current passing through the stomach. 
However, accurate calculations of Es would depend on R remaining constant, and, 
since changes in Em could be due to changes in R, this method would not yield reliable 
values for Es. 

■ The method used to determine Es in the experiments described below was one 
in which, during a period of current flow, the circuit was momentarily broken at 
definite intervals and the P.D. across the stomach (open circuit voltage) measured 
■with a string galvanometer. If the actual circuit of the stomach is that represented 
in figure lA, i.e,, a resistance and an electromotive force in series (assuming for the 
present that there is no electrical capacity of the stomach), the P.D. measured im- 
mediately after the break of the circuit would be equal to the electromotive force 
immediately before the circuit was broken. The electrical energy production by the 
stomach during current flow would then be equal to the product of this P.D. and the 
current in the external circuit during the flow of current. Since the actual circuit 
of the stomach is not known, the question arises as to whether the product of this 
P.D. and the current would be an accurate measure of the electrical energy produc- 
tion of the stomach if the actual circuit of the stomach was different from that as- 
sumed above. For example, if the actual circuit was one (fig. iD) in which there was 
a shunt (Fo of fig. iD) across the electromotive force, would the above method be 
valid? 

Application of the classical laws of electrical networks to the circuit represented 
in figure iD reveals that 

TI' _ -^1^2 El 

Ri -h R^^^^ Ri + R. ^ 

In this equation W represents the electrical energy production of Ei in watts when 
El is in volts, the resistances Ri and Ro in ohms, and the current in the external circuit 
Ix in amperes. It can easily be shown that the open circuit P.D. from S2 to M2 is 
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Pif;. lA. Ix Tins circuit E, represents the electromotive force of the stomach; R„ the resistance 
across the stomach wall; Rp,, the resistance of nonpolarizahlc isoelectric electrodes applied to the 
serosal and mucosal surfaces of the stomach; Ri, a resistance of one ohm; 5, a switch and P a potentio- 
meter. 

Fig. ill. Ex RKI’RESKKTS .viiATTERY. Thc Other symbols have the same meaniiiK as those of 
fig. I A. 

Fig. iC. MU repre.ss;nt.s the mucosal side of thf. stomach, Si and .Ifi electrodes placed 
opposite each other on the mucosal and serosal surfaces, Sz and Mz non-po!arizable Zn-Zn acetate 
agar electrodes. Thc portions of the electrodes Si and My in contact with thc stomach were com- 
posed of o.ei^ j'c, NaCi agar. Saturated KCI agar was present in electrodes Si and Mz to make contact 
with tlie saline agar. Su-i and Sicz represent single throw, double pole switchc-s; /L, several lead 
.storage batteries in scries, a variable rc.~istancc; A, a milliammctcr; Gal:'., a string galvanonu-ter 
and /', a potentiometer. 

Figs. iD and lE. See text. 

Fig. iF. As r.QiTVAi.i.sT circuit of the. stomach. C represents a static cajiaciiy in imralld 
with a rc-istance R\, E;, a polarization electromotive force resulting from the flow of current, /L the 
ricCtromotjve force of the stomach giving rhe to the P.D. across the stornacli v.-all in the resting 
condition. 
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equal to 


EiR^ 
R-i " 4 " 


and that 


El 


Ri + R2 


is equal to the electrical energy production by 


El after the external circuit has been broken (Ix equals zero). It is true (as a corollary 
of Thevenin’s theorem, see Bush, 2) that for any circuit (assuming no capacity nor 
inductance) that the total electrical energy output of the electromotive forces of the 
circuit, during the flow of an external current through the circuit, is equal to the prod- 
uct of the P.D. measured immediately after breaking the circuit and the current in 
the external circuit before the break of the circuit, plus the electrical energy produc- 
tion in the circuit immediately after the circuit is broken. Therefore, on the basis of 
the above considerations, the conclusion is warranted that the method used in the 
present work will not over-estimate the ability of the stomach to produce electrical 
energ}”-, and will under-estimate it if there are shunts across the electromotive forces 
by an amount equal to the electrical energy production inside the stomach im- 
mediately after breaking the circuit. 

An implication of the above analysis should be pointed out, and that is the pos- 
sibility (and not an unlikely possibilit}’^ considering the histology of the stomach) 
that there are electromotive forces oriented in such a way that their electrical energ}’’ 
output would not be influenced (or only to a small extent) by the electrical current 
sent through the stomach. A circuit illustrating this possibility is shown in figure 
lE. In this circuit it is assumed that the resistances R3, Ra, Rb, and i?c are equal to 
each other and, therefore, the electromotive force Ez would not contribute to the P.D. 
between S2 and M2. The passage of current through the circuit from an external 
batter}’’ would not change the electrical energy output of E2. These conclusions can 
be easily verified by the application of the classical laws of networks to this circuit. 
Therefore, the method used in the present work could only be expected at best to 
determine the ability of those electromotive forces to produce electrical energ}’’ which 
are oriented in such a way as to contribute to the P.D. across the stomach. 

For the sake of simplicity it was assumed in the foregoing analysis that the 
stomach did not possess an electrical capacity. Since the stomach undoubtedly 
does possess a capacity, the P.D. across the stomach following the break of the circuit 
would theoretically be a function of both the electromotive force and the discharge 
of the capacity. The electrical energ}’’ production, on the basis of the foregoing 


Fig. iG. See text. 

Fig. 2A. Effect of current flow on p.d. across stomach. Period of current flow indicated 
at top of figure. Current density given in ma. per cm.* P.D. determined during period of current 
flow by momentarily breaking circuit and measuring P.D. with string galvanometer. Solid lines 
represent P.D. determined by ignoring rapidl}’’ rising phase in string galvanometer records. Broken 
lines represent P.D. determined by using initial values of galvanometer records. 

Fig. sB. Electrical energy production of electromotive force of stomach in microwatts per 
cm.- vs. current density in milliamperes. Solid dots represent electrical energy production calculated 
from P. D. obtained bj' ignoring rapidl}’ rising phase of galvanometer records. Open circles represent 
electrical energy output calculated from P.D. obtained by using initial values of galvanometer records. 
Crosses represent P.D. vs. current in which P.D. was determined by ignoring rapidly rising phase of 
records; squares represent P.D. vs. current in which P.D. represents initial readings of records. 

Fig. 2C. P.D. vs. TIME, obtained from typical galvanometer record after interruption of current. 
Solid dots represent actual values obtained from the record; line through solid dots plotted from 
equation 4 of text. Line B represents plot of equation 4 in which R\ was assumed to be equal to the 
total resistance of the stomach. 
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analysis, would be at least equal to the P.D. across the stomach, due to the electro- 
motive force times the current. In order to obtain the value for the P.D. due to the 
electromotive force, the measured P.D. would theoretically have to be corrected 
for the effect of the discliarge of the capacity. This can be illustrated by reference 
to the equivalent circuit shown in figure iF, where C represents a static capacity. 
Immediately after the break of the circuit the P.D. between S2 and ilf2 would be 
equal to Eg (assume Ep in this circuit to be zero for the time being) minus the P.D. 
between points A and B due to the discharge of condenser C. On the basis of meas- 
urements of the capacity of a wide variety of living tissues (3-6, 8) it has been found 
that the capacity of tissues in general is in the neighborhood of one microfarad per 
cm.-. Assuming the stomach possesses a capacity of approximately this magnitude 
and that Ri of figure iF is equal to the total resistance of the stomach, it can be shown 
(see formula below) that the P.D. between points A and B of figure iF, due to the dis- 
charge of C, would decrease to less than one mv. within a few milliseconds. The 
technique used in the following experiments was one in which the P.D. was measured 
with a string galvanometer at a relatively low camera speed so that the initial values 
of the galvanometer records would not be expected to be a function of the discharge 
of the capacity. Howev'er, it was found that with relatively high current densities 
an initial rapidly rising phase of the P.D. was present in the galvanometer records. 
The possibility of this phase being due to the discharge of the capacity is discussed 
below. 


^lETHODS 

A portion of the opened stomach of dogs anesthetized with sodium amytal (70 to 
90 mg./kg. subcutaneously) was placed between two pairs of electrodes. One pair 
of the electrodes S\ and M\ (fig. iC) was connected in series with lead storage bat- 
teries Ei, a variable resistance R^, a milliammeter A , and a double pole, single throw 
switch Swi. The area of electrodes Si and Mi in contact with the stomach was n 
cm.-. The other pair of electrodes Sz and Mz was connected to either a Kindle string 
galvanometer (mthout amplification) or a type K Leeds and Northrup potentiometer, 
via the double pole, single throw switch Swz. The electrode Si was placed against the 
serosal surface and electrode Mi was placed opposite electrode on the mucosal 
surface. A variable resistance and a calibrating voltage (10 mv. steps, not shown in 
fig. iC) were placed in the string galvanometer circuit. The string galvanometer 
was calibrated before and after each experiment with switch Sivz closed and switch 
Swi open. Changes in the resistance of the circuit, comparable to the possible 
changes in the resistance of the stomach, produced no appreciable change in the 
galvanometer readings. In the majority of the e.xperiments a portion of the stomach 
wall was placed in a Incite chamber also containing two pairs of electrodes which will 
be rcferrcfl to in the same way as those in figure iC. (See former paper, 9, for a de- 
tailed description of this chamber.) 

The handles of switches S’d’i and Su't were fastened to a lever so that movement 
of the lever opened one of the switches and closed the other one. In this way current 
flov/ through the stomach could be interrupted and the string galvanometer circuit 
connectc^l to the electrodes .S2 and If-. In order to determine the total time elapsing 
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from the opening of switch Swi to the first reading on the string galvanometer, both 
switches and Swo were connected to the same voltage source and the lever con- 
necting the switches was thrown and it was found that the break in the string galva- 
nometer record was of about 5 milliseconds’ duration. 

The following experiments were performed on non-secreting stomachs unless 
otherivise specified. 


RESULTS 

Figure 2 represents the results of typical experiments in which currents of vari- 
ous magnitudes were sent tlirough the stomach for five-minute periods. The positive 
pole of the external battery {Ex of fig. iC) was connected to the mucosal current send- 
ing electrode {Mi of fig; iC). The P.D. was measured before and after the current 



Fig. 3. String galvano.veter records of P.D. across stomach following current flow of five 
minutes’ duration. Numbers at top of each record represent current density in ma. per cm.- Time 
intervals between vertical lines equal to 0.20 second. Numbers at left of records represent P.D. in 
mv. Record in lower right corner represents the effect of current flow on a dead stomach. 

sending period with the potentiometer. Current of a given magnitude was sent 
through the stomach and the circuit was broken at intervals, and the open circuit 
P.D. measured during these intervals with the string galvanometer. With the higher 
current densities (fig. 3) the string galvanometer record showed an initial rapidl}'- 
rising phase. On the assumption that this rapidl}'- rising phase is not due to a rapid 
change in £, of figure iF (or Ei of fig. iD), but to the decay of a back electromotive 
force {Ep of fig. iF) or to the discharge of the capacity of the stomach, the P.D. used 
for the calculations of the electrical energ}'^ was determined by extrapolating the plateau 
portion of the curves to zero time (fig. 2C). In figure 2A the soUd lines represent 
typical experiments in which the P.D. was determined in this way. It can be seen 
that with increasing current densities the magnitude of this P.D. is decreased. It 
can also be seen that for a given current density the value of this P.D. reached a 
relatively constant level within the first two minutes. 

The P.D. for the calculation of the electrical energy output of the stomach was 
also determined on the assumption that the rapidly rising phase of the galvanometer 
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records is due to a rapid change in Ea (or E\ of fig. iC). With this assumption the 
initial readings of the galvanometer records were used in calculating the electrical 
energy output of the stomach. In figure 2A the dotted lines represent the change of 
the magnitude of the P.D. determined in this way with time. It can be seen that the 
magnitude of the P.D. determined in this way also reaches a relatively constant value 
within approximately two minutes. 

Figure 3 represents the string galvanometer records in a typical series of experi- 
ments after the current had been flowing for five-minute periods. The records ob- 
tained at the end of two, three, and four minutes were essentially the same as those 
shown in the figure. It can be seen that with current densities of 0.63 ma;. per cm.^ 
or less there was practically no rapidly rising phase of the curve, while a rapidly rising 



current flow indicated at top of each figure. Current density in ma. per cm.- Fig 4A and B repre- 
sent experiments performed on non-secreting stomachs; fig. 4C, an experiment performed on a 
histamine-stimulated secreting stomach; fig. 4D, an experiment performed on a dead stomach and 
fig. 4E, an experiment on a dead stomach in contact with 0.16 N HCl. 

phase was present with current densities of 1.4 ma. per cm.- and higher. It was also 
found that the rapidly rising phase was absent in dead stomachs, as is illustrated in 
this figure. 

Following the rapidly rising phase the P.D. increases relatively slowly, and it 
was found that at the end of two seconds following the break of the circuit the magni- 
tude of the P.D. in the great majority of cases was not over 5 mv. higher than at the 
end of the rapidly rising phase. It was found that readings could be obtained with 
the type K potentiometer in about two seconds and that these values were essentially 
equal to the magnitude of the P.D, obtained with the string galvanometer at the end 
of two seconds. 

.■\ series of exjierimcnls were performed in which the P.D. following momentary 
breaking of the circuit was measured in this way with the potentiometer. Typical 
e.xjKirimenls in %N-hich this method was used arc shown in figure 4. Figures 4A and 
-rii siunv cxjieriments performed on noii-secrcling stomachs and figure 4C an experi- 
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ment performed on a (histamine-stimulated) secreting stomach. Figure 4D shows 
the effect of current flow on the P.D. of a dead stomach. A typical experiment is 
shown in figure 4E in which the ability of a potential originating at the junction of a 

0. 16 N HCl solution and a dead stomach to produce electrical energy is determined by 
this method. These e.\'periments will be discussed more fully later on. 

Calculation of the eleclrical energy output of the stomach. On the basis of the con- 
siderations discussed above, the electrical energ}’^ production of the stomach during the 
passage of a current through the stomach will be at least equal to the P.D., due to the 
inherent electromotive force following the break of the circuit times the current. 
Figure 2B represents a tjqDical experiment in which the electrical energy output is 
plotted against the current density, using both of the above described methods for 
determining the P.D. (due to of fig. iB, or E\ of fig. iD). It can be seen in this 
experiment, using the method in which the rapidly rising phase of the P.D. is dis- 
regarded (referred to as the first method in the following), that the electrical energ}'^ 
output reaches a maximum at a current density of approximately 2.0 ma. per cm.-. 
Using this method, the average maximum electrical energ)'^ output in experiments per- 
formed on 6 dogs was 38 microwatts per cm.- with a range of values of from 29 to 44 
microwatts. 

Similar calculations were made in which the rapidly rising phase of the string 
record was not disregarded and the P.D. for electrical energy calculations was taken 
as the initial value of the P.D. on the string record (referred to as the second method 
in the following). As can be seen in the experiment in figure 2B, the maximum elec- 
trical energy production, using this method, was approximately three quarters of 
that determined by the first method. The actual average was 28 microwatts per cm.-, 
with a range of values from 24 to 30. The magnitude of the current density at the 
point of maximum electrical energ}’- output was in the neighborhood of i .0 ma. per 
cm.- Because of the obvious sources of error in using the initial value of the P.D. 
of the galvanometer record in making these calculations, it should be pointed out that 
the above current density is near the level of current density at which the rapidly 
rising phase of the P.D. first makes its appearance. 

In the experiments in which the P.D. was measured after the break of the circuit 
with the potentiometer, it was found that, using this P.D. in the calculations, the 
average electrical energ}'- output was found to be 47 microwatts per cm.- (with a range 
of values from 40 to 78 microwatts per cm.^). 

Analysis of the possible factors determining the magnitude of the P.D. following a 
period of current flow. Although not much is known about the actual factors re- 
sponsible for electrical transients in living tissues (3, 5), it is possible for convenience 
of analysis to consider the rapidly rising phase of the P.D. following the break in tlie 
circuit to be a function of one or more of the following; a) the electrical capacity of the 
stomach (assuming a static capacity), b) changes in the electromotive forces giving 
rise to the resting P.D. across the stomach wall, c) the decay of a back electromotive 
force produced by the flow of current, and d) changes in the resistance of the stomach, 

1. e., changes in or R2 if the circuit is similar to that of figure iD. 

It was assumed in the foregoing that the rapidly rising phase of the P.D. is 
not due to the discharge of the capacity of the stomach. The objection might be 
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raised, however, that these transients are of approximately the same duration as those 
found by Blinks (10) for Nitella and, therefore, might be considered as due to the dis- 
charge of a static capacity since Blinks’ calculations gave a value of about one micro- 
farad per cm.- (n). However, calculations on this assumption give a relatively 
enormous value for the capacity of the stomach (the resistance of Nitella is of a higher 
order of magnitude than that of the stomach). A typical calculation illustrating this 
point is given in the following. The well known formula for the discharge of a con- 
denser was used in the calculations (4, 12). 



During the flow of current Ix (fig. iF) the condenser C of this equivalent circuit 
would be charged and the magnitude of the charge on the condenser would be equal 
to R\lx- Following the break of the circuit the condenser C would discharge through 
R\, resulting in a P.D. between A and B of figure iF in which A would be positive to 
B. This P.D. between A and B would, therefore, be oriented in the opposite direc- 
tion to E,, and the magnitude of this P.D. at a given instant would be equal to the 
value of JE* (extrapolated from the plateau portion of the curve, fig. 2C) minus the 
actual P.D. of the string record. With these considerations in mind equation 4 can 
now be written: 

= IRi = 4 

where V au is the P.D. between points A and B in volts and at any instant of time 
is equal to 7 i?i, where I is the current in amperes flo\ving through Ri. The initial 
charge E on the condenser C in volts is equal to Rilx, t is the time interval in seconds 
follownng the break of the circuit, and C the capacity in farads. In a t3q)ical e.xperi- 
ment in which Ix was 2.0 ma. per cm.- the values for V ab in mv. at given time inter^mls 
were found to be; 14.5 mv. at 10 msec., lo.o mv. at 20 msec., 6.5 mv. at 30 msec., and 
2.g mv. at 50 msec. It was found by substituting these values in eqnalion 4 and 
solving these equations, that C is equal to 2260 microfarads per cm.- and Ri, 10.9 ohms 
per cm.-. The total resistance between electrodes and M2 was 382 ohms per cm.". 
This resistance was determined before the above experiment was performed by 
measuring the P.D before and during the passage of a ver}'^ small current (0.03 ma. 
per cm.-) through the stomach and calculating the resistance from equation 1 (assum- 
ing /i,and TJ, are unchanged by this current). The resistance from ^2 to Ms, measured 
witliout the stomach, was 137 ohms per cm.% Hence the resistance of the stomach 
(J?i -i- R2 of fig. iF) would be 245 ohms per cm.-. 

Suljstitution of the values for C and Ri obtained above in equation 4, yields an 
equation that gives an exceptionally good fit to the P.D.-time cur\"e up to the plateau 
portion of the curve. It should be pointed out that, if an arbitrary’ value of Ri is 
used such as the total resistance of the stomach (5, p. 26) and the first pair of values 
(I 10 msec, and I'/,, = 14.5 mv.) substituted in the equation, the value of C is 
imver than that obtained above but the resulting equation fits the actual curve verj' 
’tWiriy (curve 1 ? of fig. aC). The vahscs for C, calculated from the other e.xpcrimcnls, 
reve;il« that the values are all of the same order of magnitude as that given in tlie c.x- 
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ample above. It might be concluded, therefore, because of the relatively large cal- 
culated value of C that the rapidly rising phase of the P.D. is not due to the discharge 
of a static capacity, but to one or more of the other factors enumerated above. How- 
ever, if the effective surface of the stomach is considered as including the total area 
of the crypts and tubules, then the capacity of a cm.- of this surface would be much 
less than tliat calculated above and Ri would be much larger, so that it is possible that 
the rapidly rising phase may be considered as due to the discharge of the capacity. 
It should be pointed out that the rapidly rising phase of the P.D. is not present in the 
dead stomach (fig. 3), but is still present in the intact stomach after the flow of large 
currents has reduced the P.D. to very'- low values (fig. 3). 

Assuming that the P.D. following the break of the circuit is due to the sum of a 
polarization potential of figure iF and Es, the electrical energy output of the 
stomach would be equal to (E^ — Ep)Ix. Actually the main interest of the authors 
is in the ability of to produce electrical energy and, therefore, the P.D. used to 
calculate the electrical energy output of E, would be equal to the P.D. of the galvanom- 
eter record plus the value of E,,. It should be mentioned that Ep could conceivably 
contribute to the P.D. across the stomach for a longer period than the duration of the 
rapidty rising phase of the P.D. For example, it is possible that the value of the 
P.D. measured five seconds following the break of the circuit is a more accurate 
measure of E^ than either of the above methods. If this value is used in calculating 
the electrical energy Output, then the output of E, was found in some experiments to 
be over 120 microwatts per cm.-. 

It is not possible on the basis of the present data to determine rigorously the con- 
tributions of the various factors given above to the actual P.D. -time curs’^es. Al- 
though there would be many difficulties, it is possible that further experimentation 
might throw more fight on the actual factors responsible for the P.D.-time curves. 
One obvious and not too difficult approach would be to determine whether or not the 
flow of current results in the production of a P.D. across the outer muscle layers of 
the stomach. If it did, this P.D. could not be due to changes in the electromotive 
force giving rise to the resting P.D. of the stomach, since it has been shown (13) that 
this electromotive force originates somewhere between the submucosa and mucosal 
surfaces. 


DiscussroK 

Comparison of the electrical energy ouipnl with the minhmmi free energy necessary 
for the production of HCl. Comparison of these two characteristics reveals that the 
electrical energy output of the resting stomach determined by the above methods is 
definitely less than the energy needed for the production of HCl. For example, in 
a typical experiment the maximum electrical energy output of the resting stomach 
(determined by the first of the above methods) was found to be 39 microwatts per 
cm.-. Following histamine stimulation this same stomach secreted HCl at a maxi- 
mum rate of 0.013 P^r cm.- per minute. Previous calculations (g) have shown 
that the minimum free energy needed for the production of i mg. of HCl is equal to 
approximately i.i joules, so that the minimum free energy needed to produce 0.013 
rng. of HCl would be approximately 0.014 joule. Converting this latter value to 
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microwatts, it is found that the minimum rate of production of free energ)'- needed to 
produce HCl is 233 microwatts per cm.^. Therefore, in this experiment the electrical 
energy production determined by the first of the above methods is found to be only 
about one sixth of the minimum amount needed for HCl production. Using the 
second method for determining the electrical energy production, the amount of elec- 
trical energy produced would be only about one ninth of the minimum amount needed 
for HCl production. Two similar experiments were performed with essentially the 
same results. The rate of HCl secretion found in these experiments was less for un- 
known reasons than the average rate of secretion found in previously published e.x- 
periments (7, 9, 14). If the average rate of secretion of HCl from pre\dous experi- 
ments is compared to the average rate of production of electrical energy of the present 
experiments, it is found that the electrical energy production, instead of being one 
sixth or one ninth of the minimum free energy needed for the production of HCl, is 
closer to one fourteenth or one twentieth. 

In the above experiments the electrical energy production was determined on 
non-secreting stomachs. It is possible that the electrical energy output of the secret- 
ing stomach might be greater than that of the resting stomach. A few experiments 
were performed on secreting stomachs (3 dogs) in which the P.D. following the break 
of the circuit was measured with the potentiometer. It was found with this method 
(fig. 4C) that the electrical energy output of the secreting stomach was not markedly 
different from that found by the same method for the resting stomach. 

Before the conclusion is warranted that there is not enough electrical energy 
available for the production of HCl, it would have to be shown that the methods used 
in the present e.xperiments are adequate methods for the determination of the total 
electrical energ}* production of the stomach. As pointed out above, the methods used 
in the present work will at best only determine the ability of those electromotive forces 
to produce electrical energy that are oriented in such a way as to contribute to the 
P.D. across the stomach. If there are locally completed circuits within the stomach, 
as illustrated in figure lE, then the amount of electrical energ}’’ produced would be 
greater than that determined by the present methods. Furthermore, if there are 
electromotive forces oriented so that they do not contribute to the P.D. across the 
stomach, the present method would not determine the ability of these electromotive 
force.s to produce electrical energy. 

It is conceivable that there are electromotive forces oriented across the cells 
of the gastric tubules toward the lumen of these tubules which would not contribute 
(or would contribute only a small component of their electromotive force) to the 
P.D. across the stomach, and that the ability of these electromotive forces to produce 
electrical energy may be man}* times (because of the relatively large surface area 
ratio) the ability of those electromotive forces to produce electrical cnerg}"^ that arc 
oriented so as to contribute to the P.D. across the stomach. Therefore, an answer 
to the qvjestion as to whether or not the stomach electromotive forces can produce 
enougli electrical energy for the production of HCl will have to await further experi- 
mentation. 

.Ij.’.r/yjjy !>f thr clcflrinil ciicrf^y tJirnry of osmotic work. .An implication of the 
the-)!-}- that the “toniarh. uses elcftriral energy for the production of HC! is that there 
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must be completed circuits inside the stomach, otherwise the stomach could only pro- 
duce a very small fraction, of the amount of electrical energ}'- needed. The authors are 
unaware of any evidence in the literature demonstrating that, in tissues such as the 
stomach with a maintained P.D. across them, there are locally completed circuits 
(apart from the current that would flow between adjacent macroscopic areas of differ- 
ent P.D. through the fluid or tissues external to the mucosa of the stomach). In 
fact, attempts to test this important part of the hypothesis will probably be attended 
with great difficulties. Tlie electrical energy theor)' of osmotic work would, there- 
fore, liave to postulate a circuit similar to the one shown in figure lE. In previous 
work (9, 15) it has been shown that the flow of current from serosa to mucosa results 
in an increase in the production of HCI in the secreting stomach, and that the flow of 
current in the opposite direction results in a decrease in the production of HCI. 
With these facts in mind, it would be reasonable to postulate that the flow of current 
from K to L in figure iD would result in the production of HCI in some part of the 
circuit between K and L. Since the flow of current tlirough a resistance could not 
provide energ}’’ that can be used for useful work (9) it would have to be further postu- 
lated that there is a back electromotive force at the locus where electrical energy is 
transformed into osmotic work. The circuit in figure iG is a circuit that would fulfill 
the above requirements. In this circuit Eh rejrresents the locus where HCI is formed, 
and it is assumed that E, is greater than Eu. A somewhat similar theor)'’ has been 
formulated by Crane, Davies, and Widdowson (16). 

Apart from the problem of the production of HCI, there are some interesting 
implications of the present findings that will be discussed below. 

Comparison of the electrical energy production of the stomach with that of the electric 
organ of elcclrophorus clcclricus. Nachmonsohn el al. (17) found, under their experi- 
mental conditions, that the electrical energy production of the electric organ is 67 X 
io~“ joules per gm. of tissue per impulse. They found that the electric organ was 
fatigued when it discharged at a rate of 800 impulses per minute. The electrical 
energy output at this rate of discharge would be equal to 0.052 joules/gm/min. 
In a later paper (18) a higher rate of electrical energy production was found, i.e. 
0.085 joules per gm. per minute (data from tables i, 2, and 5 of their paper). The 
average electrical energy output of the mucosa of the stomach in comparable units 
was calculated and found to be 0.012 and 0.0088 joules per gm, of mucosa per minute 
by the two methods for determining electrical energy output. It can be seen that 
the electrical energy output of the stomach is approximately from one fourth to one 
tenth that of the electric organ. It should be kept in mind, however, that the values 
for the electric organ were obtained under conditions in which the electric organ was 
becoming fatigued, while the values for the electrical energy output of the stomach 
were obtained during a relatively steady state. It is possible that the maximum elec- 
trical energ}’^ output of the electric organ during a steady state might be much closer 
to the output of the stomach than the above figures would indicate. 

Because of the high voltage produced by the electric organ it might seem unlikely 
at first glance that the electrical energy output of the electric organ is not markedly 
different from that of the stomach. However, it must be recalled that the total mass 
of the electric organ is relatively large and that the voltage of a cross section of the 
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organ weighing one gram would be a small fraction of the total voltage. Further- 
more, a discharge of the electric organ lasts for only a few msecs, which, at the rate of 
discharge of 800 per minute, means that the current would be flowing for only a small 
fraction of the time, while in the case of the stomach the current is flowing con- 
tinuously. 

Maximum current density produced- by the stomach. The present experiments in- 
dicate that the electromotive force giving rise to the P.D. across the stomach can 
produce a current density of approximately one ma. per cm.^ (or 3 ma. or more if the 
first method is used). This finding is of interest in the light of the recent work of 
Marsh (19) in which he demonstrated that the growth of neuroblasts in vitro can be 
controlled by the flow of electric currents. The threshold from this effect was in the 
neighborhood of 10 ma. per cm.-. An implication of these findings is that the flow of 
electric current inside the developing organism might control the direction of growth 
of neuroblasts. The obvious objection to this hypothesis, that the electromotive force 
of tissues could not produce a continously maintained current of this magnitude, is 
somewhat negated by the findings in the present work. On the assumption that 
there are completed circuits inside the stomach, the density of the current flowing in a 
given direction, assuming uniform resistances, would be twice the current densities 
given above. Furthermore, if the resistances of the stomach were not uniform then 
the current density in certain regions might be much higher, i.e. as high as 10 ma. per 
cm." While the characteristics of the stomach may be quite different from those of 
embryonic tissues, the present findings indicate that the electromotive force of living 
tissues can produce maintained currents of relatively high magnitudes. 

These findings also raise the interesting question as to the mechanism responsible 
for the production of the electromotive force. Most investigators have attempted to 
account for the maintained P.D. across tissues on the basis that the potential arises 
from unequal ion mobilities (20) or unequal ion solubilities (21). Lund (22), on the 
other hand, has suggested that these maintained P.D.’s are oxidation reduction poten- 
tials. An implication of Lund’s theory is that cell membranes may act as first-class 
conductors (23, 24). The findings in the present work raise the question as to 
whether these various tjqjes of potentials can give rise to currents of the magnitude 
that the electromotive force of the stomach can produce. Obviously from our knowl- 
edge of oxidation-reduction cells (lead storage cells, etc.), it is evident that oxidation- 
reduction batteries can give rise to currents of much higher magnitudes than those 
produced by the stomach. The writers have not been able to find data in the litera- 
ture on the max'imum abilitx' of electromotive forces, depending on unequal ion 
mobilities or solubilities, to produce electric currents. A preliminary attempt to ob- 
tain an idea of how much electrical current these latter potentials can produce was 
made by stuch-ing the effect of current flow on the potential produced by applying 

O. 16 X HC! to a dead stomach. A typical experiment is shown in figure 4E. The 

P. D. across the flead stomach, when 0.16 X' HCl was applied to the mucosa, was 
found to be approximately 20 mv. It can be seen from figure 4E that with a current 
fiensity of 1.4 ma. per cm.* the P.D. rapidly declines to zero and becomes inverted. 
In otl'.er words, the electromotive force of this system (due undoubtedly to unequal 
ion mtihilities or solubilities, or both) cannot give rise to the current densities pro- 
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duced by the living stomach. It might be argued that the decrease in the P.D. in 
this experiment w£vs due to mixing of buffers from the dead stomach with the HQ 
solution, with a consequent reduction of its hydrogen ion concentration. That this 
was not the case is shown by the behavior of the P.D. following the period of current 
flow. It can be seen from figure 4E that the P.D. returned to approximately its 
original magnitude following this period. Also it was found that the pn of the 
HCl solution was not significantly changed following such an experiment. 

There are many objections, however, against concluding that the stomach electro- 
motive force must therefore be due to oxidation-reduction potentials. For example, 
it is possible that the effective surface of the living stomach may be much greater than 
that of the dead stomach, and therefore the density of the current flowing across the 
surface of the living stomach for a given current density in the external circuit may 
be much less than for a dead stomach. Also further work needs to be done on the 
ability of potentials due to different ion mobilities or solubilities to deliver current in 
which other species of ions and other interfaces are used. Nevertheless the present 
experiments offer a real challenge to those investigators who are interested in the 
mechanism of the production of the P.D.’s of living tissues. 

■ SUMMARY 

An attempt was made to measure the ability of the stomach to produce electrical 
energy by a method in which an external battery is connected in series with the 
stomach. It is shown that the electrical energy produced by the stomach under these 
conditions is at least equal to the product of the P.D. across the stomach due to the 
electromotive force following the break of the circuit and the magnitude of the current 
flowing through the stomach. 

The P.D. due to the electromotive force was determined by momentarily break- 
ing the circuit and measuring with a string galvanometer the P.D. across the stomach 
wall. With higher current densities a rapidly rising phase of the potential difference 
was found to be present in the galvanometer records. Calculations of the electrical 
energy production were made on the assumption that the rapidly rising phase of the 
P.D. was due to a) the decay of a back electromotive force produced by the flow of 
current and b) a rapid change in the inherent electromotive force of the stomach. 
In the first method the level of the P.D., following the rapidly rising phase, was used 
to calculate the electrical energy production by the inherent electromotive force of the 
stomach, and in the second method the initial reading of the P.D. was used. It was 
found by the use of these two methods that the average electrical energy production 
by the stomach was 38 and 28 microwatts per cm.-, respectively. The possible fac- . 
tors responsible for the rapidly rising phase are discussed. 

The electrical energy output of the stomach, with the above methods, was found 
to be definitely less than the minimum free energy necessary for the production of 
HCl. It was also shown, however, that the methods employed in the present work 
would underestimate the ability of the stomach to produce electrical energy if one 
or both of the following conditions are present: a) electromotive forces oriented in 
such a way as not to contribute to the P.D. across the stomach wall and b) locally 
completed circuits inside the stomach. It is concluded that it is not possible at pres- 
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ent to decide as to whether the stomach can produce enough electrical energj' for 
the production of HCl. 

The findings of the present work indicate that the electromotive force of the 
stomach can produce a continuous current of around i ma. per cm - (or current den- 
sities of several ma. per cm.^ on the basis of assumption a above). The implications 
of these findings are discussed. It is pointed out that these findings may throw light 
on the mechanism of the production of the electromotive force. It is shown that a 
potential produced by the application of o.i6 N HCl to a dead stomach (a potential 
undoubtedly depending on different ion mobilities or solubilities) cannot produce 
continuously maintained currents of the magnitude produced by the living stomach. 
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SALT EXCRETION IN DESERT LIAMMALS^ 
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T he excretion of water from the animal body is regulated so that the water 
content of the body is kept relatively constant. If the intake of water is 
restricted, the response is less excretion of water through the kidneys, or, 
in other words, the urine will be more concentrated with respect to the solid excretory 
products. 

Krogh (i) says: “The organs of excretion are in the higher vertebrates developed 
to serve the function of conservation of water.” Krogh discusses the salt concentra- 
tions found in vertebrate urine from the viewpoint of water conservation in animals 
with restricted water supply. He finds that the highest urine concentrations are 
observed in whales, which have a heavy physiological load because their only source 
of water is the food organisms. Recently it has been demonstrated (2, 3) that certain 
desert animals have a considerably more efficient excretory system. 

In view of those results we wanted to test the excretory ability in these desert 
animals with respect to electrolytes and chlorides, by imposing a heavy load of 
sodium chloride through the diet. 

The animals used were two species of the family Heteromyidae, the kangaroo 
rat {Dipodomys merriami) and the pocket mouse {Perognaihus baileyi). These 
animals can live indefinitely without drinking water and gain weight on a diet of 
dry grain only. The extra load with sodium chloride was accomplished by feeding 
grain containing 10 per cent by weight of NaCl. 

1000 gram rolled barley was soaked in 2.8 liters of a 10 per cent NaCl solution. After 24 hours 
1.8 liters could be drained off, which means that 1000 ml. solution (100 gram NaCl) was left in the 
grain. Then the grain was dried at 105° C., leaving about 10 per cent NaCl by weight in the dry 
food. 


EXPERIMENTAL RESULTS 

We used five Perognathus for testing the maximum salt excretion in the urine. 
The animals had lived for five to six weeks on a diet of dry grain only and no water 
before the ex'periment was started. The four of them had gained considerable tveight 
in this preliminary period. They were then transferred to the salt grain diet for 
two days, and subsequently to dry grain again. During the salt grain diet all 
animals lost weight (aver. 8 per cent), but it is amazing that after the severe strain of 
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the excessive salt intake the animals were able to gain weight again on a complete!}' 
dry diet. In two days the average gain was nearly 3 per cent and they continued 
to increase in weight. Most of these animals were still alive six months later, and 
they were fat and healthy. 

We do not know how much of the food was consumed by the animals. (Exact 
studies of food consumption are made fairly complicated in these animals because 
they store food in their cheekpockets.) However, a considerable amount of the 
grain was actually eaten, and as a consequence the urinary salt concentrations 
increased tremendously. 

The figures in table i give the chloride concentrations in the urine the second 
day on the salt diet. All the animals had very high chloride concentrations and 
electrolyte concentrations in the urine. WTien the animals are on their natural 
diet chlorides ordinarily make up only a snaall fraction of the electrolytes in the urine. 
However, on the salt diet about three fourths of the electrolytes were chlorides. 


Table i. Urine concentrations in pocket mice aeter two days op excessive salt intake 


DAVS ON DRV 
CRAIN 

vn, LOSS, 

% ARTER 2 DAYS 

Wr. CAIN, 

% AFTER 2 DAYS 

inilNE CONCENTRATIONS .(VETER 2 DAYS ON SALT 

GRAIN DIET 

ON SALT CRAIN 

ON DRY GRAIN 

ChJoride 

Electrolytes 

Urea 




vtN 

mN 

mX 

35 

1 '1 

3.9 

762 

1070 

2610 

35 

8.2 

2.4 

— 

— 

— 

34 

8.3 

1.9 

845 

1140 ■ 

1730 

43 

; 8.9 

3-7 

758 

980 

1270 

44 

j 9 .x 

2 , 2 

515 

1160 

X570 

.\v.: 3S 

8.4 

2.8 

720 

1088 

1 X 79 S 


The urea concentrations are considerable but do not reach excessively high 
values. All urea concentrations are higher than can be reached by man, and the 
highest value is a little higher than can be reached by the w'hite rat. It is clear that 
the urea excretion to a considerable degree can be maintained simultaneously with 
high electrolyte excretion. A simultaneous load with salt and urea was never tried, 
but would surely give interesting results. 

As mentioned above the animals recovered again on a diet of dr}' grain only, 
so the excessive salt load had no ill effects that could not be repaired. There is no 
doubt, however, that the animals are unable to survive on the salt grain diet. 

The pocket mice lost considerable weight in two days and would not have been 
able to survive for a long period. In a group of kangaroo rats which was given the 
salt grain the longc.st survixdng individual lived for 17 days (table 2). 

Most of the kangaroo rats died after about a week, but even this length of 
sun.-ivrd must be considered a rcmarluiblc accomplishment, ft miglit be c.xpectefi 
that the animah, after an initial jicriod, practically stopped eating and died from 
partial ftarvatSon. However, when completely starved the kangaroo rats live for 
only three day- or less (seven individuals kept without food died after i, 2, 2, 3, .?> 
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3, and 3 days, respectively). We noticed, mucli to our surprise, that the animals 
did not show any high degree of desiccation at the time of death (table 2). Ordinarily 


Table 2. Survi\lvl time of kangaroo rats on a diet containing 10% NaCI 


DAYS SUR\aVAI, ON SALT GRAIN DIET 

j WT. LOSS i 

WATER CONTENT AT DEATH; 
PERCENTAGE OF BODY WEIGHT 


% 


2 

14-8 1 

69.2 

4 

14.7 

69-5 

4 

21.3 

68.3 

5 

22.1 

68.9 

6 

25-9 

67.8 

6 

26.9 

68.6 

7 

24.8 

70.6 

7 1 

28.4 

67.2 

8 

23.2 

67.5 

II 

33-6 

! 69.4 

^7 

36.6 

68.8 

Av.: 7 j 

24.8 

68.7 


Table 3. Urine and plasma concentrations in kangaroo rats fed grain containing 

10% NaCl 


DAYS ON SALT 
GRAIN DIET 

WTIGHT 1 
LOSS 

j 

WATER 

CONTENT 

URINE 

PLASilA 



Urea 

Chloride 

Electrolytes 

Urea 


% 

% 

mN 

mN 

mN 

mN 

mN 

mN 

2 

to. 9 

68.4 

507 

625 

810 



II -3 


II -5 

69.9 

■773 

80s 


142 

158 

13-4 


15-5 

69.7 


808 

3,120 


161 

II. 8 


16.7 

67.4 

728 




1 



17,6 

1 

70.6 

! 

' go8 

1 

1,220 

2,090 


157 

to 

Av.: 

14.4 

69.2 

729 

865 

1 

1 

1 

159 

15-7 

6 

ri -3 

68.0 

6.1 1 

1,000 


I 2 I 

154 



15-2 

69.2 . 


1,010 


122 

158 


i 

16.4 

68.5 


537 


III 

153 



19.1 

69.0 

586 

776 


123 

162 



20.8 

67.7 




15s 

163 



26.6 

68.8 

229 

1,000 

i 

135 

162 

•21. s 

Av. 

18.2 

68.5 

1 

865 

1 

I 

128 

159 



an ingestion of large amounts of salts causes heav}’- diarrhea and dehydration. 
Diarrhea was not observed in these animals. 

Excretion from the kidneys was much alike in the kangaroo rats and the pocket 
mice. AVe found some extremely high urinary concentrations (table 3 ; the table is 
incomplete because of difficulties in obtaining urine samples large enough for aU 
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analyses.) The data include the highest chloride value ever found in urine, 908 mN 
(equal to 5.3 per cent NaCl). In the same sample we have the highest concentra- 
tion of electrolytes, 1220 mN, which is more than twice as concentrated as sea water. 
Adolph (4) gives the following maximum urinary concentrations of chloride: rat, 
600 mN ; man: 370 mN; dog: 330 mN; goat; 320 mN. 

Irvnng el al. (5) were interested in the water balance of the seal. Since the seal 
has no access to drinking water it has quite an interesting water problem. It turned 
out that the seal can maintain the water balance with the water of the food (fish) 
because of the fairly high water content in the fish and the low evaporation from the 
seal itself. As for the possibilit}'^ of using sea water for drinking Irving and col- 
leagues say “The kidney which could abstract water from a 3.5 per cent salt solution 
would be performing osmotic work at an amazing intensity.” This is truly so, and 
we can add that we were very much astonished to find an excretory’’ system with 
twice that performance. 

We have some samples from kangaroo rats which had lived for more than two 
days on the salt diet. Also here we find some high urinary concentrations, but we 
do not have many simultaneous figures for urine and plasma. We give a table of 
some figures obtained. The plasma seems not to be excessively concentrated with 
respect to electrol3-tes, while the chloride values undoubted^ are above the usual 
level. 


SUMJLARY 

Some desert rodents excrete a very concentrated urine, which enables them to 
expend only small amounts of water for excretion. The maximum excretorj’" ability 
with respect to electroh'tes is about 1200 mN, and for chlorides about 900 mN. 
This ap}x;ars to be far in excess of the limits known from other mammals. Ihis 
abi!it\' must be interpreted as a verj'’ useful mechanism for water conserv'ation and 
an adaptation to desert life. 

Tliis work is part of a project for jjhysiological fiekl research initiated suggestions from Dr. 
L. Irving. The experimental work was carried out at the Santa Rita Experimental Range, Arizona, 
an t we greatly ap{)reciatc the permission to work at the station given by Mr. R. Price, Director, 
Southwestern Forest and Range Experiment Station, Tucson, .\riz. 
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EFFECT OF SODIUM SALICYLATE UPON THE URIC ACID 
CLEARANCE OF THE DALMATIAN DOG^ 

MEYER FRIEDMAN and SANFORD 0 . BYERS 
From the Harold Brunn Institute, Mt. Zion Hospital 

SAN FRANCISCO, CALIFORNIA 

I N A previous study (i), it was found that the administration of salicylate to rats 
produced an increase in their renal excretion of uric acid. Blood analyses and 
renal clearances done on these rats receiving salicylate, however, indicated that 
the observed increase in uric acid excretion was not preceded or accompanied by an 
increase in i) blood uric acid, 2) glomerular filtration rate or 3) in renal plasma flow. 
These observations suggested that salicylate increased the excretion of uric acid by 
impeding the latter’s renal tubular reabsorption. Talbott (2) previously had come 
to the same conclusion concerning the mechanism of action of salicylate in the human 
subject. 

In view of the fact that recently we (3) discovered that the Dalmatian dog ex- 
creted uric acid at the level of glomerular filtration without subsequent tubular excre- 
tion or reabsorption, it seemed important to determine the effect of salicylate upon 
the excretion of uric acid in this species of dog. For if salicylate actually increases 
the output of uric acid in mammals by impedance of its tubular reabsorption, this 
drug should not be uricosuric in the Dalmatian dog, as the renal tubules of this animal 
normally do not reabsorb the uric acid present in the glomerular filtrate. The results 
of such a study are reported herein. 


l^IETHODS 

Two healthy, male, thoroughbred Dalmatian dogs (litter mates) weighing approximate^ 
20 kilos, each and 6 male mongrel dogs of approximate!}' the same size were used in this study. 
Five uric acid and creatinine clearances were done on the 2 Dalmatians both before and during the 
intravenous injection of sodium salicylate. Eight similar combined clearances were done on the 
6 mongrel dogs both before and during salicylate injection. 

All dogs were anesthetized with pentobarbital sodium, catheterized and given a solution of 
0.9 per cent Na2S04 by vein at the rate of 4 cc. per minute until a urine flow of at least i cc. per 
minute occurred. The dogs then received an intravenous infusion of a solution containing 4 mg. of 
creatinine per cc. The animals received 100 cc. of this latter solution within 5 minutes, after which 
time they continued to receive it at the rate of 4 cc. per minute. After 30 minutes, the bladder was 
emptied, a blood sample taken and the first urine collection was begun. After 15 minutes, the 
bladder was emptied, a second blood sample taken and a second urine collection of 15 minutes was 
obtained in the same manner. After the second control urine collection had been taken, a solution 
containing 10 mg. of sodium salicylate, as well as 4 mg. of creatine per cc., was given by intravenous 
infusion at the rate of 4 cc. per minute for the remainder of the experiment. Each dog received 
approximately a total of 3.5 gm. of sodium salicylate. Thirty minutes after this last infusion had 
begun, a third and fourth urine collection (each of 15 minutes duration) with appropriate blood 

Received for publication July 6, 1948. 
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samples were taken exactly as described in the control period. Determinations of the uric acid and 
creatinine in the blood and urine samples allowed the calculations of the uric acid and cretainine 
clearances. 

Uric acid in plasma and urine was determined according to the method of Folin (4). Creatinine 
determinations were done according to the method of Folin and Wu (5). 


Table i. Effect of sodium salicvl.atf. upon the uric acid clear.ance of the Dalmatian and 

NON-DALM.ATIAN DOG 


1 1 

i EEFOKE SALICYLATE ' 

nor. 1 

j AFTER SALICYL.ATE 

j UV‘ 1 PUA’ j UAC» 1 CC‘ jUAC/Cc| 

! mo 1 puA* 

i UAC» 

cc* {UAC/CC 


Dalmatian dogs 


Di. , 

1 

. . . . ; 4.7 

0-38 1 

99.0 

99.0 

I .0 

4-5 

0.40 

87.2 

88.0 

0.99 

Di ... 

■ ■; 5-4 

0.40 j 

82.0 

86.0 

0.96 

3-9 

0.38 

84.0 

mm 

0-95 

Di 

! 3-7 

0.47 1 

73-0 

66.0 

I .10 

2-5 

0.54 

71 .0 

mm 


D2 . . 

! 6.5 

0-53 1 

1 14.0 

98.7 

i-iS 

5-6 

0.44 

112.5 

88.7 

0-93 

D2 

... 7.0 

0.43 i 

108.5 

112.5 

1-05 

4.0 

0.65 

95-8 

91 .0 

1-05 

.Av.. 

.. .j 5-4 

0.44 j 

95-2 

92.4 

1.05 

4.0 

0.48 

90.1 

S 3-7 

0.95 

• 




Non-dalmatian dogs 





Cl . . 

. ... 8.1 

1 

0.22 

28.9 

86.0 

0.32 

7.2 

0.17 

48.4 

83.0 

0.58 

Ci. 

! 5-9 

0.26 ! 

16.6 

93-1 

0.18 

7-4 

0.24 

23.6 

88.2 

0.27 

K2 .... 

. ■: 7.5 

0.22 

3 J -7 

104.0 

0.30 

4-3 

0.23 

33-5 

105.0 

0.32 • 

R2 

•i ^-0 

0.14 , 

43-0 

lOI .0 

0.43 

3'5 

0.16 

39-0 

100.0 

0.39 

Ii3 . 

. .' 7.1 

0.23 

21.9 

95-0 

0.23 

4.4 

0.23 

42.5 

83-0 

0.51 

.Vr 

2.2 

0.29 i 

34-7 

92.0 

0.38 

4.5 

0.34 

54-1 

97.0 

0.56 

lU 

3-9 

0.18 i 

30.0 

98.0 

0.31 

3-4 

0.21 

37-5 

107.0 

0-35 

Sr . 

5 o 

0. i6 ] 

23.0 

106.0 

0.22 

3-3 

0.22 

38.0 

106.0 

0.38 

Av. 

5'7 

0.21 

28.7 

96.9 

0.30 

4.75 

0.23 

.39.6 

96.2 

0.42 


’ Efiuals cc. of urinc/min. - Equals mg. of uric acid/ioo cc. of plasma. ^ Equals uric acid 
clearance in cc/min. Equals creatinine clearance in cc/min/sq. M. of S..’\. 


REStJLTS 

A. Ejjccl of Sodium Salicylate Upon /) The Plasma Uric Acid, 2) Vric 
Acid Clearance and 5) Creatinine Clearance 

i) Non-Dalmatian dogs. As tabic i dcmonstrales, no significant change occurred 
in the plasma uric acid content of non-Dalmatian dogs after the infusion of salicylate. 
The average plasma content was 0.21 mg. per 100 cc. before, and 0.23 mg. during, 
the injection of salicylate. 

'J’hc uric acid clearance, however (table i), increased significantly after infusion 
of salicylate had been started. Thus the average uric acid clearance of the 6 non- 
D.almatian dogs vras 28.7 cc. per minute during the control period and 39.O cc. per 
minute after the administration of sodium salicylate. Dcsintc the decrease in urine 
volume (table 1) the creatinine clearance remained unchanged after the infusion of 
-‘^odiinn sabryiate had been .startciJ. .Accordingly, the uric acid clearance/crcatinine 
clearance changed from 0.30 (before .salicylate) to 0.42 after salicylate had been given. 
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2) Dalmalian dogs. Similar to the findings in the non-Dalmatian dogs, the 
plasma uric acid content of the Dalmatian was not changed (table i) by the infusion 
of sodium salicylate. Likewise, there was no significant change in the uric acid 
clearance after the administration of salicylate. Thus (table i) the average uric acid 
clearance was 95.2 cc. per minute before and 90.1 cc. after the injection of salicylate. 

Similarly the average creatinine clearance (92.4 cc. per minute) did not change 
significantly after injection of salicylate. As was observ’^ed previously (3) the average 
creatinine clearance of these dogs was approximately the same as their average uric 
acid clearance. The uric acid clearance/creatinine clearance ratio therefore remained 
approximately at unity (table i) throughout the e.xperiment. A rather marked de- 
crease in the rate of excretion of urine however was noted after the salicylate infu- 
sion had been maintained for over 30 minutes. This latter decrease noted in both 
the Dalmatian and non-Dalmatian was thought to be due to the hypertonicity of 
the salicylate infusion. 


DISCUSSION 

In a previous study (i), uric acid was found to be increased in the urine of rats 
after the . administration of sodium salicylate. It was thought that this uricosuric 
effect of salicylate was due to its probable ability to impede the reabsorption uric 
acid by the renal tubules. In a later study (3), however, the renal tubule of the Dal- 
matian dog peculiarly was found not to reabsorb or excrete uric acid, the latter sub- 
stance being excreted at the level of glomerular filtration (i.e., equal to the excretion 
rate of creatinine). Therefore, if salicylate exerts its uricosuric effect by tubular 
interference in. the reabsorption of uric acid, its action should not be uricosuric in the 
Dalmatian dog. 

The obseiA'^ations of this present study indicate that whereas sodium salicylate 
has a clear uricosuric action in the ordinary mongrel dog, it has none in the Dalmatian 
dog. We believe this fact not only confirms our earlier observ’-ation concerning the 
uniqueness of the Dalmatian kidney with respect to excretion of uric acid, but also 
furnishes further evidence that the uricosuric effect of salicylate, when manifested, is 
due to the tubular actions of the drug. 

CONCLUSIONS 

The administration of sodium salicylate was not able to effect a change in the 
uric acid clearance of the Dalmatian dog. The significance of this observation in 
relation to the renal peculiarity of the Dalmatian dog and the mode of action of 
salicylate was discussed. 

The authors express their thanks to Ann Miller and Catherine Shue}' for technical assistance in 
the execution of this stud}^ 
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MEASUREMENT OF RENAL FUNCTIONS IN RATS 

A. C. CORCORAN, GEORGES MASSON, RUTH REUTING, and IRVINE H. PAGE 
From the Research Division of the Cleveland Clinic Foundation 

CLEVELAND, OHIO 

R ecognition of substances which stimulate growth of renal tissue and the 
activity of renal enzyme systems initiated the development of a method 
suitable for bio-assay of such materials from measurements of specific renal 
excretory functions in rats. The functions selected were the maximum tubular 
excretory capacity for p-aminohippurate (TmpAu) and the plasma creatinine clear- 
ance (Ccr). TmpAH is taken as measuring activity of tubular tissue and Ccr as 
equivalent to the rate of glomerular filtration. 

Experience in the stud}'’ of renal function in other species led to the premises that 
the method chosen should involve a) complete collection of urine during a state of 
rapid flow, while b) the plasma concentrations of pah and creatinine during urine 
collection should be accurately estimated and c) the animal maintained under physio- 
logical conditions during the test. 

Methods hitherto described (i-6) did not fulfill these criteria. The procedure 
selected is therefore described. 


PROCEDURE 

Apparatus, a) Rat holder (fig. i); b) blood collection pipettes (fig. i). These 
are drawn from soft glass tubing 4 mm. I.D.; c) ureteral catheter, no. 4 F, cut 6 inches 
in length; and d) box for heating at 45° C. 

Solutions, a) Heparin in 0.9 per cent NaCi ; i cc. contains 2 mg. heparin, b) 
PAii-mannitol-crcatinine: sodium p-aminohippurate 6 gm.; mannitol 10 gm.; cre- 
atinine, 4 gm.; 0.9 per cent NaCl q.s. to 100 cc. c) Intracaine (Squibb) 2.5 per cent 
in 0.9 per cent NaCl. 

Experimental. A female rat weighing 170 to 250 gm. was injected intrapen- 
toneally with 0.3 cc. of heparin solution. The catheter was inserted into the bladder 
under light ether anesthesia. PAii-mannilol-creatinine solution was injected suheu- 
taneousl}' in two equal doses of 1.7 cc. per 100 gm. body weight. The time of this 
injection was noted as o. The rat was then placed in the holder, adjusted so as to 
restrain movement (fig. 2). The position of the catheter was checked by observing 
urine flow. Discomfort from its presence was minimized by injecting 0.2 cc. of intra- 
caine solution into the bladder, retaining it there for several minutes. Nearly all 
animals soon accustom themselves to the procedure and remain quiet during the 
period of observation. Those few wliich do not arc rejected. 

At to 43 minutes after o time, rat and holder were warmed at 45'’C. for 3 
minutes in a box heated by an electric light bulb to this temperature. At 45 minutc.s 
tlie first sample of blood (B t ) was collected by snipping the end of the tail and milking 
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out about 0.4 cc. of blood onto a heparinized watchglass. The blood was drawn 
into the pipette and the drawn-out end sealed in a flame. At 48 minutes the bladder 
was rinsed with four successive 0.2 to 0.5 cc. volumes of saline, the last rinse ending 
exactly at 50 minutes. These rinses were discarded. Urine collection for clearance 
measurement \yas begun at 50 minutes by directing the catheter into a small graduated 
cylinder. The bladder was rinsed in the same manner, beginning at 58 and ending 
exactly at 60 minutes. These rinsings were added to the urine and the mixture of 



Fig. I.. R.<iT HOLDER CONSTRUCTION, blood pipette and catheter to scale 
Fig. 2. Rat in holder during urine collection 


urine and bladder rinse made up to 100 cc. in a volumetric flask. The rat was again 
warmed and blood collected (B2) at 65 minutes. 

Blood samples were then centrifuged, the pipettes scored with a diamond point 
at the cell-plasma interface, the pipette broken and o.i cc. of clear plasma taken up 
in a volumetric pipette. A protein-free filtrate (i/ioo dilution of plasma) was made 
by cadmium sulfate-sodium hydroxide precipitation, pah was determined in filtrate 
and diluted urine by the method described by Goldring and Chasis (7) and creatinine 
by an adaptation of the method of the familiar alkaline picrate procedure. Mean 
plasma concentration during urine collection was found by interpolation on semi- 
logarithmic paper of the values found for Bi and B2. 

RESULTS 

Values obtained in rats of the Sprague-Dawley strain are presented in table i, 
where they are arranged for comparison wdth estimates of the same and similar renal 
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functions made by others. The procedure described is at least as satisfactory as any. 
Reproducibility in successive estimates at intervals of 7 to 10 days in individual rats 
is shown in table 2 . Values are reported per 100 gm. body weight rather than in 


Table i. Suid.iary of observations on renal functions in noraial rats 


SERIKS 

rtINCTION 

NO. OF 
OBSER- 
VATIONS 

ANIilAES 

MEANS 

a MEAN 

lOOir MEAN 

XCEAN 

Own 

CcB 

Qi 

39 

0.61 

■1 

2.6 


TmpAH 


39 

0.29 

mm 

1.9 

Braun-Menendez and Chiodi 

Cinulin 

84 

84 

0.60 

.031 

5-2 


Tm^iodrast-i 

30 

30 

0.183 

•0135 

7-4 

Friedman, M. 

CcR 

31 


0.66 

.028 

4-3 

Friedman, S., Policy and 

Cinulin 

*4 

14 

0.65 

.019 

2.9 

Friedman 

TmpAn 

14 

14 

0.18 

.005 

2.8 

Dicker and Heller 

Cinulin 

1 04 

35 

0.35 

.0027 

0.8 


TmDiodrast-i 



0.126 

.0027 

2.1 

Corcoran and Page 

Cijannitol 


20 

0-55 

.085 

9-7 


TmpAH 


20 

0.327 

.ot6 

4.9 


Summarj' of observ'ations of renal functions in this and other scries of observations in norma! 
rats. Data of other authors are recalculated, where necessary, applying corrections for body weight 
and urine volume to bring them in line with observations in the present series in which body weight 
averages 229 gm. and urine volume about 0.2-0.4 cc/io min. Results are e.vpressed as cc, plasma 
clearance or mg. Tm per 100 gm. body weight per minute. The data of Corcoran and Page were 
obtained by a method similar to that here described. The greater variability presumably reflect.® 
the effects of light anesthesia and inaccuracy due to single blood sampling. 


Tabi.e 2. Variability of renal function determinations 


i 

EAT NO.j 

1 


Tnip^jj MO/lOO OM. 


j cc. PER 100 CM. 

I ■; 

Z i .t j 4 1 5 

6 

Mean 

1 

2 

3 

B 

5 

I ^ 

Mean 

15 I 

i 

0.34! 

0.271; 0 - 39 ' 0.341 I 

1 i 
! 1 

0.33 

0.70 

0.70 

0.75 

0.56 


! 

0.67 

40 1 

0.321 

0.24. 0.37I o.35i 0.29! 

1 0.33 

0.32 

0.63 

0.64I 

0.76 

0.68 

[ o.6i| 

' 0.57 

0.64 

46 ■ 

0.32' 

0.28, 0.34 0.2sj ; 

0.30 

0.59 

0.68 

0.77 

0.51 



0.63 

47 1 

0. 26, 

0. 26 0.24; 0.31; 

0.27 

0.55 

0.71 

0.77 

1 0.82 



0.63 

4S ; 

0.25; 

0-371 0.31' 0.2S! 0.29^ 

0.30 

0.47 

0.56 

0.66 

i 0.47 

0.511 


0.5.5 

so ■ 

0.33; 

0.29 0.27; o.25i 1 

0. 28 

0.49 

0.43 

0.38 

0.47 



0.45 

it ’ 

0. 29' 

0..16; 0.37! o.35j 

0.34 

0.44 

0.84 

0.80 

0.61 



0.67 

54 : 

0. 26' 

0.29; 0.29; 0.24! ! 

i 0.27 

O.QI 

0.49 

0.48 

0.66 

j 

1 

0.63 

65 \ 

0.34; 

o- 36 j 0.341 0.36 

i 0.35 

0.67 

0.69 

0.67 

0.69 


■ 

0 

6 

66 , 

0.2S; 

0. 241 0. 26; 0.25 ' 

^ 0.26 

0.76 

1 0.73 

0.69 

0.58 



0.60 

- . . 



’ , ' 

f 








— - 


Successive oljservalions of TmrAn and Cck in normal rats at intervals of 7 to to d.ays. 


surface area units because of the simplicity of calculation and because, in the narrow 
range of body weight present in our group, the surface area units offered no advantage. 

mscu-SSiON 

factors making for accuracy in this metiiod are a) complete collection of urine 
by bladder tva.shing in contrast to digital e.vprcssion of urine; b) tiie increased accu- 
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racy of collection due to the diuretic effect of mannitol (mean plasma mannitol con- 
centration during the test period is about 150 mg/ioo cc.); c) the volumes of blood 
withdrawn are smaU, so that the procedure is neither shocking nor depleting, while 
d) the analyses are done on plasma rather than whole blood which, in our hands, is not 
as satisfactory as plasma for determinations of pah and mannitol and is unsuitable 
for creatinine; e) the brevity of the clearance period and the measurement of two 
blood samples minimize inaccuracies in the estimate of mean plasma concentration ; 
/) the plasma concentrations obtained average about 50 mg. pah and 25 mg. creati- 
nine/ioo cc.; analyses in normal rats indicate that the curve of plasma concentrations 
are either level or slowly falling; the concentrations are such as to be accurately meas- 
urable in i/ioo plasma filtrate. 

The mean creatinine clearance found in our series corresponds well Avith other 
estimates of creatinine and inulin clearances. The mean TmpAH is greater than that 
reported by Friedman, Polley and Friedman (5). This is because the plasma con- 
centration maintained in our procedure is such as to saturate the tubular excretory 
mechanism for pah. That this is so is indirectly confirmed by the ratio of mean 
TmpAH ill our series to mean TmcioDRAST-I in the series of Braun-Menendez and Chi- 
odi. The ratio is 1.58, which corresponds with this value in other species. The 
estimates of glomerular filtration and tubular excretory function respectively from 
inulin clearance andTmmoDRASx-I by Dicker and Heller (2) are low in comparison with 
our observations and those of others. Insofar as these differences are not procedural, 
they may be attributed to differences between rat groups found by Corcoran and 
Page (6.) 


SUMMARY 

A method is described for the measurements of creatinine clearance and TmpAH 
in rats under conditions wliich favor accuracy and reproducibility. The procedure 
is adaptable to the bio-assay in rats of substances which affect these renal excretory 
functions. 
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V ARIOUS explanations for the titratable acidity of the urine have been 
reviewed by Pitts el al. (1-3), w'ho postulate active transport of acid by the 
renal tubular cells, either as ionic exchange against a concentration gradient 
(4) or as frank acid secretion (5), as the mechanism responsible for titratable urinary 
acidity under all circumstances. They cite their experiments (i, 3) as conclusively 
demonstrating this mechanism. 

The concentrations in glomerular filtrate of B2CO3 (about 10“^ M), BOH (10"^ 
to ro~' M) and B3PO4 (10"® M) are so extremely small that it has been generally 
held that these compounds can be of no physiological significance. However, since 
far larger amounts of BoCOj, BOH or B3PO4 could be reabsorbed from the glomerular 
filtrate than exist therein at any given moment, these compounds might play impor- 
tant roles in the production of urinary acidity. So far as these compounds are con- 
cerned, the following equilibrium reactions must obtain: 


BHCOi -!- B:HP04 BjCOs -b BHiP04 W 

BHCO 3 -f- BCl -b Creatinine (free) B-COj -b Creatinine -HCi (B) 

HOH -b BjHP 04 BOH -b BH-PO, (C) 

HOH -b BCl -b Creatinine (free) BOH -b Creatinine -HCI (P) 

2B;HP0, BH 1 PO 4 -b BsPO^ (D 

BiHPOi -b BCl -b Creatinine (free) ~ B3P04 -b Creatinine -HCI (U 


Tltal a definite equilibrium, characterized by the classical constant Keq, exists 
for^cach of these reactions can be shown by deriving a general equation that ex- 
plicitly describes the equilibrium existing among weak acids and bases and their 
salts in aqueous solution. Employing the convention of Peters and Van Slyke (6), 
where Ha is a weak acid, bOH a weak base, HA a strong acid, and BOH a strong 
base: 


Hai + Ban ^ Ba-, + Han 


(I) 


v.hcre 


_ (Ba,l|Ha„] 
' iHa.i!Ba„l ' 


cccordinp to tin; equation of Henderson ( 7 , 8 ); 


\IV] - Ka, 


Hfa.l 

IBad 


Ka,i 


\llan\ 

!Ba„l 
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After transposing: 


[Bai][Han] _ Kai 
[Hai][Baii] Kan 


Keq 


Kaj 

Kan 


= antilog (pKan — pKai), 


or pKeq = pKai — pKan . 


bnOH + biA b„A + biOH 


Keq = 


Kbi 


= antilog (pKbi — pKbu), 


or pKeq = pKbn — pKbi . 


where BA, like HOH, is 


Keq 


Kabi 

Kabn 


BA + Hai + bnOH :;:± Ba, + bnA + HOH 
sufficiently large to remain rather constant, 

= antilog (pKabn — pKabi), or pKeq = pKabi — pKabn . 


(II) 


(III) 


This equation also applies to (I) and (II). p is the negative logarithm of any 

value. Kab of an acid Ha equals its Ka. Kab of a base bOH equals where 

Kw = [H+] [OH~] = at 25° C. and 10“^^* at 38° C. Kab of an acid or base 
equals the H+ ion concentration at half-neutralization of the acid or base. For (I) 
and (II) as well as (III), where the subscripti is assigned to the weak electrolyte 
whose more acid component of its buffer pair is on the left side of the equation, the 
point of equilibrium is defined by the equation: 

pKeq = pKabi — pKabji. (G) 

Reactions (A), (C), and (E) are examples of (I), and (B), (D), and (F) are 
examples of (IH). In actual practice, pK values are used. For example, as pK' 
of BHCO3 is 9.8 and that of BH2PO4 is 6.8, tubular reabsorption of B2CO3 would drive 
reaction (A) to the right to keep pKeq = 9.8 — 6.8 (i.e., to maintain Keq at a value 
of io~^). The same process would move (B) to the right to keep pKeq of this equa- 
tion at 9.8 — 4.7 (Keq = 8 X 10“®). Consequently B2CO3 would be constantly 
reformed while it was being reabsorbed. Similarly reabsorption of BOH would move 
(C) and (D) to the right; and reabsorption of B3PO4 would move (E) and (F) to the 
right. 

If tubular reabsorption can fully account for urinar}'^ acidity, the urine, from 
the standpoint of buffer content and pH, is actually glomerular filtrate minus the 
reabsorbate. If this is the case, the solution resulting from the addition of re- 
absorbate to fully elaborated urine should be identical with the glomerular filtrate 
with respect to its buffer composition and pH. To test the validity of this h3'-pothesis, 
glomerular filtrates and their corresponding urines were prepared to conform to pub- 
lished analyses (i). To the urines were added reabsorbates calculated to conform to 
these data. The resulting solutions proved to be identical with the original glo- 
merular filtrates in buffer composition and pH. Presumabh^ this procedure restored 
to the urine w^hat the kidney had pre\uously removed bj' reabsorption. Since the 
calculated reabsorbates contained significant amounts of carbonate, the titratable 
acidities of the urines under discussion maj', therefore, be fully accounted for by 
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tubular reabsorption of carbonate together with bicarbonate without the necessity of 
postulating either tubular secretion of acid or exchange in the tubules of for B+ 
ions. Since the lumen of the renal tubule is extracellular, any buffer equilibria or 
any relationship between urine, reabsorbate, and glomerular filtrate that can be 
demonstrated in viiro can be expected to exist in the colloid-free, aqueous filtrate in 
the tubular lumen. 

If B2HPO4 and BH2PO4 are reabsorbed in the ratio in which they occur in the 
original glomerular filtrate (isohydric reabsoiption), such reabsorption does not 
contribute to titratable urinary acidity. The less phosphate there is in the remaining 
tubular urine, the poorer is its buffering power, and hence the more markedly is its 
pn lowered by BHCO3 or B2CO3 reabsorption. 

METHODS 

The experiment was performed in U-tubes with sufficient mercury in the bottom 
to keep a solution in one arm completely separate from a solution in the other arm 
when the tube was in an upright (U) position. By this means the alkaline re- 
absorbate, containing carbonate and bicarbonate could be prepared in one arm of the 
tube, while the acid urine was prepared in the other. The total amount of water 
used was equal to that contained in urine plus reabsorbate, approximately equal 
volumes being introduced into each arm. Equal amounts of phenol red indicator 
were added to the prepared solutions and the colorimetric standards. When neces- 
sarjq additional mercury was added to bring the total volume near the full capacity 
of the U-tube. After all visible air-bubbles had been removed, a small supplement 
of oil (about 1.5 cc. in each arm) was added to permit the insertion of rubber stoppers 
without the loss of any of the aqueous solution. No visible air was allowed to remain 
in the U-tube. With the tube properly stoppered, it was carefully inverted and the 
contents judiciously mixed (avoiding emulsification of the oil) until there resulted a 
uniform color, which was compared with known colorimetric standards (Sorensen 
phosphate buffers with phenol red indicator in U-tubes of the same dimensions) 
0.05 pH apart from each other. 

The glomerular filtrate was likewise prepared in a U-tube. The carbonate and 
bicarbonate were kept in one arm, separated by mercury from the otiier arm contain- 
ing more acidic material. After the tube was properly sealed and mixed (with 
phenol red indicator included), the pH of the resulting 'glomerular filtrate’ solution 
was compared with the known colorimetric standards and with the ‘urine plus 
reabsorbate’ solution. 

Since bicarbonate solutions rapidly lose CO2 to the air, sodium carbonate was 
used with an equimolar amount of HCl. However, in the phosphate experiment, 
bicarbonate was also used, as an alternate procedure, in preparing the glomerular 
filtrate and. in conjunction with carbonate, in preparing the reabsorbate. (Sec under 
B of table i.) In preparing the glomerular filtrate, carbonate was introduced into 
one arm, while the HCl was placed in the other. In preparing the reabsorbate, how- 
ever, it was [xiKsible to put both in the same arm without significant loss of CO2 if 
HCl and buffer substances were added first, followed by the rapid addition of NaiCOs 
ab.-ng the %va!l of the tu!>e. The thick layer of Na2CO,i, over the acid-carbonate inter- 
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face where H2CO3 is formed, reacts with any rising CO2 or H2CO3 to form NaHC03. 
(But acid layered over NaoCOs will not prevent the escape of CO2.) The pH of the- 
prepared ‘urines’ was determined electrometrically. Accuracy in the amounts of 
B2CO3 and HCl used is exceedingly important, since these compounds affect pH 
most markedly, especially in the creatinine experiment. Sufficient sodium chloride 


Table r. Phospbiaxe experiment (figures are in itim/min.) 

Buffer and salt content, and materials used in preparation, of urine, reabsorbale, and- glomendar 

filtrate 



! M 

ti 

K 

5 s 
8 

W W 
Pi 

u 

a 

5 

2 

Sk 

CJ 


TOTAI, Cl 

6 

u 

r* 

K 

0 

u 

K 

« 

6 

0 

B 

6 

a 

«4 

< 

H 

0 

H 

0 

t£ 

B 

0 

B 

B 

TOTAI. POl 

TOTAL B 

U 

W 

A 

I. Filtrate 




1 

i 

! 










a) Calculated 

O.171 

0.I7I 

0.000 

7-516 

7.516 

0.055 

I -304 

o.ooS 

I -367 

0.102 

0.510 

0.612 

9.958 


6) Ingredients 


0.I7I 


d.oooj 


1 

1 

1.367 



0.612 



1.316 

a. Urine 










1 



1 


a) Calculated 

O.171 

| 0 -I 59 

0*012 

0*400' 

0.412 

(0.0) 

(0.0) 

(0.0) 

(0.0) ! 

0.400 

o.oSg 

O.4S9 

0.078' 


b ) Ingredients 


I0.I7I 


0.000; 







0.489 



0.412 

3. Reabsorbatc 


i 







1 






n) Calculated 

0.000 

, 0.000 

0.000| 

7-104 

7-104 

0.000 

1 .104 


1.367 


O.I 23 | 

0.t23| 

S.980, 


b ) Calculated 

0.000 

0.000 

0.000 

7.104 

7-104 

o.oooj 

1.084 


1.367 

0.020| 

0.103 

0-123 

8.9E0 


c ) Ingredients 


0.000 


6.000 




1 1-367; 



0.123 




4. U -b R: ‘Totals’ 

0.I7I 




7.516 

i 

1 


1 .367 



0.612 

9.958 


3. U -b R: Ingredients 


, 0.171 


6.000 


i 

i 

1.367 



0 .6 t2 




1. Filtrate 











1 




0) Ingredients 

0.I7I 

o.tyj 


7-367 

7 -.516 


1.367 

■ 0.000 

1-367 


o. 6 is 

[0.612 

[9.958 

0 .t 49 

2. Reabsorbatc 















0) Ingredients 

0.000 

0,000 


7,104 

7.104 


1 .104 

0.263 

1.367 


O.X25 

0.123 

8.890 

0.000 

3 . Urine 


1 













a) Ingredients 

0.I7I 

0 .t 7 rj 


0.000 

0.412 


0.000 

0.000 

(0.0) 


0.489 

0.489 

0.978 

0.412 

I. Reabsorbatc: 0.283 BOH 

1 

0.000 

i 


7-104 

7.104 

! 

1-367 


1.367 

0.030 

0.103 

0.123 

8 .g 8 o 


2. Reabsorbatc; 0,123 B>PO< 

0,000 



7.104 

7-104 


1.227 

0.140 

1.367 



0.123 

8.980 



XoTES: ‘Ingredients’ are the source materials used. ‘Calculated’ content refers to probable distribution of com- 
pounds at the pn of the solution. ‘U R’ is urine plus reabsorbatc. ‘Totals’ means the totals of the various moieties. 
In A, reabsorbatc fl) has BjHPOi only, while i) assumes isohydric POr reabsorption. In S, BHCOj is one of the ingre- 
dients used in glomerular filtrate and in reabsorbatc. In C, / is a reabsorbatc containing 0.283 BOH, and 2 is one contain- 
ing 0.125 BjPOi. ‘Filtrate’ is 73.1 cc/min. of glomerular filtrate with pH 7.34 at 38°C. or 7.SS at 22°C. 7.6cc/min. of urine 
with pn 6.06 at has titratablc acidity to pn 7.35 of 0.312 mEq/min. 65.5 cc/min. of reabsorbatc has calculated pit of 
9.2. Source of essential data is first line of Table 1 of Pitts and Alexander (i). 

was added to approximate the chloride concentration of the glomerular filtrate 
usually encountered in mammals. 

The pK'ab of creatinine, little affected by ionic strength, shifts markedly as 
temperature changes (pK'ab is 5.0 at 22° and 4.7 at38°C.). BH2P04hasapK'which 
is markedly affected by ionic strength or concentration (pK' is 6.8 at ionic strength 
0.16) but declines only 0.03 pH as temperature rises from 20° to sS°C. 

Data for plasma pH, as reported by Pitts (i), had been obtained by subtracting 
0.014 pH per degree difference between room temperature and body temperature 
(38°C.) ; the actual pH measurement had been made at room temperature. Since 
the present solutions were prepared at 22 ± 2°C., they were made to have a pH 0.2 
higher than Pitts’ published values (i) which were for 38°C. 
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The titratable acidity of the prepared ‘urine’ was determined by titrating it to 
pH 7.35 (determined electrometrically), the end-point used in previous work. 

Calculation of reabsorbates was carried out as follows: In the phosphate ex- 
periment (see table i), the glomerular filtrate of pH 7.55 at room temperature (7.34 
at 38°C.) had a total PO4 of 0.612 ; total creatinine 0.171 ; total CO2 1.367; an assumed 
total chloride of 7.516, obtained by including NaCl to approximate a normal chloride 
content; and total B of 9.958, part of it due to the NaCl included. 

Urine of pH 6.06 at room temperature had total creatinine of 0.171; total phos- 
phate 0.489; negligible total CO2, Pitts ha\dng made no attempt to retain or measure 
CO2; an assumed total Cl of 0.410, obtained by including a source of BCI, which 
helped bring total B to 0.978. Figures are in terms of mM/min. 

The reabsorbate, being glomerular filtrate minus urine, therefore contains: 

Total B = g.958 — 0.978 = 8.980 
Total P = 0.612 — 0.489 = 0.123 
Total COj =: 1.367 — 0.0 = 1.367 
Total creatinine = 0.171 — 0.171 == 0.000 
Total Cl = 7.516 — 0.412 = 7.104. 

Hence, in the reabsorbate, of total B (8.980), 7.104 is BCI, as there is 7.104 Cl 
The remaining B, 8.980 — 7.104 = 1.876, may be divided among B2HPO4, BHCOs’ 
and B2CO3. If the total P is assumed to be in the form of B2HPO4, there will be 
0.123 B2HPO4, accounting for 0.246 B. The remaining B, 1.876 — 0.246 = 1.630, 
is divided between BHCO3 and B2C03. As total CO2 is 1.367, there is 1.630 — 
1.367 = 0.263 more B than CO2. Thus there are 0.263 B2CO3 and 1.367 — 0.263 == 
1. 104 BHCO3 in the reabsorbate. This and alternate reabsorbates, including two 
where isohydric phosphate reabsorption is assumed, are listed in table i. Similarly 
calculated reabsorbates for the creatinine are listed in table 2. Any NaCl added 
does not affect carbonate and bicarbonate content of the reabsorbate. 

RESULTS 

The data presented in table i describe the pn and buffer content of the glo- 
merular filtrate and urine. This is patterned after the pii and buffer content re- 
ported on the first line of table i by Pitts and Alexander (i) and based on the amounts 
of such substances needed to prepare such solutions. The data presented in table 
2 do likewise with the glomerular filtrate and urine described on the first line of 
table 2 of the same paper. 

The present tables (i and 2) include the calculated reabsorbates and the ma- 
terials that can be used in preparing the urines, reabsorbates, and glomerular filtrates. 
It may be noted that the total CO2, total phosphate, etc., of the ‘urine plus reabsor- 
bate’ equal the total for each of these moieties in the ‘glomerular filtrate’. Ihirther- 
more, these tables show than wiien Na2C03, HCl, Na2HP04, creatinine, and NaCl arc 
used as source materials, the amount of each of these used for the urine plus the 
.amount of each used for the reabsorbate equals the amount of each used for the 
g i o tnt r u la r fil t ra t c . 

(jolorimctric pn tletcrminations showed that the ‘urine plus reabsorbate’ bad 
the -.iinc pj! as the corrc.sponding ‘glomerular filtrate’. This pH was 7.55 ± 0.03 at 
ternjKTature, to correspond to jjtt 7.34 at 38”C., for the phosjihate cxj)crimcnt 
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(table j) and 7.45 =b 0.03 at room temperature, corresponding to pn 7.25 at 38°C., for 
the creatinine experiment (table 2). Room temperature was 22 ± 2°C. An error 
due to the inclusion of 10 per cent more Na2C03 at the expense of NaHCOs (keeping 
total CO2 constant) w'^ould raise the pH of the 'urine plus reabsorbate’ 0.09 in the 
phosphate experiment and about 0.3 in the creatinine experiment. This indicates 
that the experimental data here presented are correct to within ± 3 or 4 per cent 
for the phosphate experiment and within db 2 per cent for the creatinine experiment. 


Table 2. Creatinine experiment (figures are in itim/min.) 

Bujfcr and salt content, and materials used in preparation, of urine, reabsorbate, atid glomendar 

filtrate 


1 

1 

i 1 
i 

0 b) 

^ S ' 

H 2 

0 

H 

s 

c w 

a 

i 

s 

Vi 

u 

0 

TOTAL cl 

0 

0 

w 

1 

0 I 

1 

0 

0 

« 

ex 

0 

u 

1.3 

S 1 

H 

0 

K 

p 

6 

TOTAL POi 

TOTAL B 

u 

w 

A ‘ 

1. Filtrate; 

I 





! 


! 







a) Calculated ■ 

1.250; 

1.247 

0.003 

9.425 

9.428 

0.022 

0.518 

1 0.002 

0.542 

0.003 

0.015 

0.018 

9.980 


6) Ingredients 


1.250 


8.S60 




0.542 



0.018 



0.568 

2. Urine; 

i 





! 









n). Calculated 

r.250 

1. 103 

0.147 

2.601 

2.748 

(0.0) 

(0.0) 

!(o.o) 

(o.o) 

lo.oot 

10.000 

o.oor 

2.602 


h) Ingredients 


1.250 


2.600 




1 0.000 



0.001 



0.148 

3. Reabsorbate; 















a) Calculated 

0.000 

0.000 

0.000 

6.680 

6.680 

0.000 

0.420 

0.122 

0.542 

0.000 

0.017 

0.017 

7.378 


V) Calculated 

0.000 

0.000 

0.000 

6.680 

6.680 

! 0.000 

0.417 

' 0.125 

' O.S42 

0.003 

0.014 

0.017 

7-378 


c) Ingredients 


0.000 

1 

6.260I 




0.542 



0.017 



0.420 

4. U-PR; ‘Totals’ 

1.250 




g.428 

1 

1 


0.542 






S. U-l-R: Ingredients 


1.250 


8.860 




0.542 




0.018 

9.980 





1 


1 






0.018 



0.568 

I. Reabsorbate;o.i25 BOH 

0.000 



6.680 

6.680 

! 

0,542 


0.542 

0.003 

0.014 

0,017 

7-378 


2. Reabsorbate; 0.017 BjPOi 

jO.OOO 



6.680 

6.680 


0.437 

0.105 

0.542 



0.017 

7-37S 



Notes: ‘Ingredients’ are the source materials used. ‘Calculated’ content refers to the probable distribution of com- 
pounds at the pn of the solution. ‘U - 1 - R' is urine plus reabsorbate. ‘Totals’ means the totals of the various moieties. 
In A , reabsorbate a) has BjHPOt only while 6) assumes isohydric POr reabsorption. ‘Filtrate' is 78.7 cc/min. of glomeru- 
lar fdtrate with pit 7.25 at38‘’C. or 7.45 at 22°C. 16.5 cc/min. of urine with pn 5.84 at 22°C. has titratable acidity to pn 
7.35 of 0.144 mEq/min. 62.2 cc/min. of reabsorbate has calculated pn of 9,25. In r) is a reabsorbate containing 0.125 
BOH ,and 2 is one containingo.ot7 BjPOr. Source of essential data is first line of Table 2 of Pitts and Alexander (i). 


The titratable acidit)'- of the urine in table i (phosphate e.xperiment) is 0.312 
mEq/min. to pH 7.35, while that of the urine in table 2 (creatinine experiment) 
is 0.X44 mEq. to pH 7.35. BHCO3 plus B2HPO4 reabsorption could, according to 
Pitts, account for only 33 per cent of the titratable acidity of the urine in table i and 
for only 25 per cent in table 2. Therefore, although there is 3 or 4 times as much 
BHCO3 as B2CO3 in the calculated reabsorbate, reabsorption of B2CO3 will account 
for 2 or 3 times as much of the titratable urinary acidity as will reabsorption of 
BHCO3 + B2HPO4, i.e., 67 per cent in one case and 75 per cent in the other. To 
account for any titratable acidit}'- reported (i, 3), less than 25 per cent of the total 
CO2 reabsorbed need be B2CO3, over 75 per cent being BHCO3- 

DISCUSSION 

Since the pH and the totals of the moieties in the 'urine plus reabsorbate’ in 
tables I and 2 are identical with those in the 'glomerular filtrate’, the experimental 
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procedure may be regarded as reversing the reabsoiptive processes of the kidney. 
The results demonstrate that the published data on titratable acidity (i, 3), assuming 


Table 3. Artificial step-by-step description of conversion of buffer (and chloride) 

CONTENT OF GLOMERULAR FILTRATE TO THAT OF URINE IN PHOSPHATE EXPERIMENT 

(figures ARE IN mM/lHN.) 


Reaction: 

1. 

2. 

3 . 

4 . 

BCi-f 

BCI 

H 2 CO 1 -f- Creatinine 
HsCOi -f- 

-4- Creatinine 

B-HPOi 

BjHPOf 

-f 

BHCOi 
= BHCOj 
+ BHCOj 
BHCOj 

-PBHsPOj 

=BH.POf 

Creat-HCI 

+ BjCOj 

Creat-HCI -f-BsCOi 

Steps: 

‘G. F.’ A 

7-516 

0-055 

0. 17I 

0.510 

1.304 

0.102 

0.000 

0.008 

B 

R7.104 

0.412 

to 

to 

0 

d 

0. 17I 

R0.I03 

0.407 

' 

1*304 

R0.020 

0.082 

4X10“^ 

0.000 

0.008 

c 

0.412 

to 

to 

0 

d 

0.171 

-0.275 

0.132 

-0.275 

I .029 

+0.275 

0.357 

0.000 

+0.275 

0.2S3 

D 

— 0.001 

0.4II 

0.055 

— 0.001 

0.170 

0.132 

— O.OOT 

I .028 

0.357 

+0.001 

0.001 

-4-0.001 

0.284 

E 

0.4II 

0.055 

0. 17I 

0.132 

1.028 

0.357 

0,001 

Ro. 283 
0.001 

F 

0.4II 

-f-o.ii8 

0.173 

0.170 

-4-0.118 

0.250 

—0. 118 
0.910 

— 0.X18 
0.239 

0.001 

0.001 

G 

0.4II 

0.173 

0.170 

0.250 

Ro.pio 

0.000 

0.239 

o.oox 

iXio"’ 

0.001 

7/ 

— 0.001 

0.400 

— O.OII 

0.162 

— O.OII 

0.159 

0.250 

-4-0. on 

O.OII 

0.239 

+O.OII 

0.012 

0.001 

J 

0.400 

—0.162 

0.000 

0.159 

—0.162 

0.088 

-4-0.162 

0.173 

-}-o.i 62 

0.401 

0.012 

0.001 

K 

1 

1 

! 0.400 

0.000 

0-159 

0.088 

R0.173 

0.000 

0.401 ] 

0.012 

0.001 

L 

i 



-f-O.OOI 

-4-0.001 

— 0,001 1 


—0.001 


I 0,400 

0.000 

0.159 

0.089 

0.001 

0.400 j 

0.012 

0-000 

.17 

Urine 

1 

0.400 

0.000 

0.159 

0.089 

Ro.ooi 

0.000 

0.400 1 

0.012 

0.000 

Total reabsorbed 

1 7-104 



0.103 

1.084 

0.020 1 

i 

0.283 


Steps: A. Composition at room temperature of original glomerular filtrate of pii 7.55 
at 38‘C.). B. Rcabsorption of 7.104 mM NaCl and isohydric rcabsorption of 0.123 mM phosphate. 
C, D and E, Reactions 3 and 4 are moved to the right due to rcabsorption of 0.283 niM BjCOj even 
as it is reformed. F. Reaction 2 is moved to the left by the excess BHiPOi and BHCO3, reaching 
equilibrium at pH 6 .S at body temperature. G, IJ, J .and K. Reactions r and 2 arc moved to the 
right flue to BHCO3 being reabsorbed even as it is reformed. L and M. The excess BjCOs moves J 
to the left, reaching equilibrium at pu fi.oO at room temperature after all BHCOj is reabsorbed. 
Hiisis 7.60 cc. of urine. (R = reabsorb.) Glomerular filtrate is 73.1 cc. 

li-oliydric jihosphatc rcabsorption, can be fully explained by tubular rcabsorption of 
IbCOi .along with BHCOj v.-ithout the necessity of tubular secretion of acid or ionic 

f.tchangc. 

Tables 3 and 4 sliov/ in artificial step-by-step fashion how tlie buffer (and .sail) 
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content of the glomerular filtrate of the phosphate and creatinine experiments 
(respectively) is converted to that of the urine. These tables show that if reabsorp- 
tion of B2CO3 preceded BHCO3 reabsorption but follow isohydric reabsorption of 
phosphate, the concentration of B2CO3 in the remaining tubular urine would, at 


Table 4. Artificial step-by-step bescription of conversion of buffer (and chloride) 

CONTENT OF GLOMERULAR FILTRATE TO THAT OF URINE IN CREATINUNE EXPERIMENT 

(figures are in mM/jUN.) 


■Reaction; 

1. 

2 . 

3 . 

4 . 

BCl-b 

BCl 

HiCOs 4 - Creatinine 
mcoj + 

-f Creatinine 

BjHPO. 

B2HP04 

+ 

BHCOi 
= BHCOj 
- t-BHCOs 
BHCOj 

-f- 

-i-BHsPOi 

=BHcP 04 

Great- HCI 

+ 

Creat-HCl 

BsCOi 

-(-BjCOi 

Steps: 









‘G.F.’ A 

9-425 

0.022 

1.247 

0.015 

0.518 

0.003 

0.003 

0.002 

B 

R6.680 



R0.0I4 


R0.003 




2.745 

0.022 

1.247 

0.001 

0.518 

0.000 

0.003 

0.002 







2 XlO~^ 



C 

— 0. 122 


— 0. 122 


“0.122 


+0.122 

+0.122 


2.623 

0.022 

r.i2s 

0.001 

0.396 

0.000 

0.125 

0,124 

D 




—0.001 

“0.001 

+0.001 


+o.oor 


2.623 

0.022 

1.125 

0.000 

0-395 

o.oor 

0.125 

0.125 

E 








Ro. 125 


2.623 

0.022 

1. 125 

0.000 

0.395 

0.001 

0.125 

0.000 

/•■ 

d-o.ios 

+0.105 

+0.105 


-0.105 


-0.105 



2.728 

0.127 

1.230 

0.000 

0. 290 

0.001 

0.020 

0.000 





sXio-* 


7X10-* 


1.4X10"^ 

G 





Ro. 290 





2.728 

0. 127 

1.230 

0.000 

0,000 

0.001 

0.020 

0.000 

H 

— 0.127 

—0.127 

—0.127 


+0.127 


+0.127 



2.601 

0.000 

1-103 

0.000 

0.127 

0.001 

0.147 

0.000 

J 





R0.I27 




Urine; 

2.601 

0.000 

1. 103 

0.000 

0.000 

0.001 

0.147 

0.000 





iXio"^ 


9Xio"< 



Total reabsorbed 

6.68o[ 1 

0.014 

0.417 

0.003 


0.125 


Steps; A. Composition at room temperature of original glomerular filtrate of pH 7.45 (pH 
7.2s at 38°C.). B, Eeabsorption of 6.680 mM NaCl and isohydric reabsorption of 0.017 phos- 
phate. C, D and E. Reactions 3 and 4 are moved to the right due to reabsorption of 0.125 mM 
B2CO3 even as it is reformed. F. Reaction i is moved to the left by the excess BHCO3 and creati- 
nine-HCl; equilibrium is reached at pH 6.5 (at sS^C.). G, H and J . Reaction i and 2 are moved to 
the right due to BHCO3 being reabsorbed, even as it is reformed, the result being 16.5 cc. of urine 
at pH 5.84 at room temperature (R = reabsorb.) Glomerular filtrate is 78.7 cc. 

the end of B2CO3 reabsorption, be 0.7 X lo"^ Molar (assuming 15 cc. of urine remains) 
at pH 6.8 in the phosphate experiment and 0.7 X io~® Molar (assuming 20 cc. of urine 
remains) at pH 6.5 in the creatinine experiment. If reabsorption of B2CO3 and 
BHCOs began together and proceeded at the same rate (but followed isohydric 
phosphate reabsorption), the concentration of B2CO3 in the tubular urine at the 
completion of BiCOs reabsorption would be 0.5 X 10"^ Molar (at pH 6,75 in 12 cc. of 
urine remaining) in the phosphate experiment and 0.3 X 10“^ Molar (at pH 6.3 in 
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20 cc. of urine remaining) in the creatinine experiment. Since io~® Molar is the 
approximate concentration of BHCO3 in urines of low pH, there should be no more 
difficulty in accepting the view that reabsorption of B2CO3 can occur than in accept- 
ing the widely held view that reabsorption of BHCO3 (8, 14) can occur. Indeed 
these concentrations (0.7 X 10“® to 0.7 X io~‘* Molar) of B2CO3 are about 200 to 
2000 times the concentration in blood of the ion (about 0.4 X 10"^ Molar), 
which is involved in the ionic exchange. (These statements also apply to the urines 
with the highest titratable acidity and lowest pH reported (i, 3) by Pitts.) Hence, 
if probability parallels conc^tratioffi'feabsetption of B2CO3 (with BHCO3) is, on 
the basis of known cohcentrati^^Qim ^;4 ;^bM)le explanation of the titratable 
urinary acidity thjih is-j^c exchange. 

Ionic exch^^^-'d^ for^jK^^i^^s \di 5 Ii^y the same effect on the buffer 
content and pi^of^the tubuWii^and of tljerTiMMidar urine as the reabsorption of i 
molecule of B^H^^Th^^ulting fonpartie^J^onsiderable H2CO3 or CO2 in the 
tubular urine hisHof^Sterr-mentknlgffJn ajmm the diagrams or discussions (i, 2, 3, 9) 
of the acidificatiord-oljthi^irine.liy-^jS^^xchange, which is, therefore, not so simple 
and direct a process as appears at first sight. The H2CO3 or CO2 thus formed is pre- 
sumed (4) to diffuse slowly into the tubular cells. This is tantamount to the extreme 
separation of the transferred materials into BOH -f H2CO3 or 2BOH -}- H2CO3 (in* 
stead of BHCO3 or 6200.3). Since the presumed diffusion of H2CO3 or CO2 out of the 
tubular urine often lags behind ionic exchange, this mechanism would have a more 
jarring effect on tubular cell pH than reabsorption of an equivalent amount of BHCOi 
or B0CO3. 

Theoretically, reabsorption of i molecule each of BOH + BHCO3 could, as shown 
in tables i and 2, have the same effect as the reabsorption of i molecule of B2CO3. 
This seems a less likely process, however, for several reasons: a) the concentration 
of B2CO3 in the filtrate far exceeds that of BOH; b) the heat content and free energ>" 
content of B2CO3 + H2O are considerably less than those of BOH -f- BHCO3; c) the 
minimum osmotic work required for the reabsorption of B2CO3 + H2O at the pH of 
the tubular contents when this process occurs is less than that required for the 
rcabsorption (transfer) of BOH -f BHCO3. Reabsorption of B3PO4 + BHCO3 
could not fully account for the urinary acidity in these e.\periments because of the 
small amount of phosphate reabsorbed. Where infusions of phosphate or creatinine 
have not been employed, reabsoqjtion of BHCOn (carbonic acid filtration theory) 
can fully e.xplain urinary acidity (3). 

Reabsoqjtion of B2CO3 might be compared with the ionic exchange mechanism 
on the basis of probability. Within cells, the concept of ionic e.xchange can be ac- 
cepted without serious objections. Similar exchanges, against a concentration 
gradient, between cellular contents and tubular fluid that is exteriorized prc.scnt 
conceptual difficulties. This, of course, is no insurmountable obstacle. From the 
standpoint of chemical kinetics ami thermodynamics, however, rcabsorption of 
B;COj would have an advantage in economy and would seem more probable, because 
the concent ralifju of this salt in the glomerular filtrate, though small, is enormously 
gre.atcr than that of IH ion in the plasma and because the minimum o.smotic work 
required for the re.absoquion (transfer) of ILCOs is less than that required for the 
tran«:cr os H* ions in ionic e.xchange or in the secretion of molecular acid. 
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The observation (10) that very high concentrations (tensions) of CO2 can be 
attained in the urine has been interpreted by some as evidence of the impermeability 
of the tubules to ready diffusion of CO2. If diffusion of CO2 occurred, it would be 
in both directions across the luminal membrane, the net direction and rate varying 
with circumstances. Any CO2 (H2CO3) diffusing into the tubular urine would enter 
into the equilibrium reactions; 

HoCO., + B2HPO4 ^ BHCO3 + BH2PO4 (H) 

BCl + HoCOs + Creatinine (free) BHCO3 + Creatinine -HCl (J) 

Pitts (i) considers the tubules readily permeable to the diffusion of CO2. This 
assumption renders unnecessary his postulation of active transport of acid, such as 
secretion of acid or ionic exchange against a concentration gradient, because if the 
CO2 (H2CO3) concentration of the tubular urine fell below that of the surrounding 
peritubular fluids and carbonic anhydrase-rich tubular cells, CO2 (H2CO3) would 
difftise into the urine. Consequently, reabsorption of BHCOs, as postulated by 
Peters and Van Slyke (6) and by Sendroy, Seelig, and Van Slyke (ii), could fully 
explain Pitts’ experimental results (carbonic acid filtration-diffusion theory). The 
only active renal function here would be reabsorption of BHCO3. However, if the 
tubules were not sufficiently permeable to the ready diffusion of CO2, enough BHCO3 
could not be formed therefrom (by buffer equilibria) and reabsorbed within a given 
period to produce the titratable acidities of Pitts' experiments. Regardless of the 
degree of tubular permeability to CO2, the reabsorption of B2CD3 could occur. 

Indirect evidence, adduced in favor of active transport of acid, also favors 
active transport (reabsorption) of BHCO3 and B2CO3. The effect of sulfanilamide in 
decreasing urinary acidity (i, 3, 12) may be attributed to its effect on carbonic 
anhydrase and various enzyme systems involved in BHCO3 and B2CO3 reabsorption. 
Calculations of published data (12) show that BHCO3 reabsorption is decreased by 
sulfanilamide. The same may be true of B2CO3 reabsorption. Furthermore, if 
B2CO3 is reabsorbed, its subsequent reaction with H2CO3 could be slowed owing to a 
decreased rate of H2CO3 formation from CO2 during inhibition of carbonic anhydrase 
activity by sulfanilamide. An accumulation of reabsorbed B2CO3 would cause an 
abnormal rise in cellular pn, which could impair certain reabsorptive activities. 
Davenport (13) has withdrawn his hypothesis that carbonic anhydrase is of sig- 
nificance in the secretion of gastric acid. Its function in the kidney is not definitely 
known. 

The h3rpothesis (i, 3, 14) that the ability of the kidney to excrete acid is de- 
termined by its ability to transfer H'*' ions against a concentration gradient, is weak- 
ened considerably by the fact that more acid was eliminated both by man (3) and 
the dog (i) in urines with a pH of 5.54 and 5.61 respectively, representing a H+ ion 
concentration of about 70 to i (as compared to serum pa), than in urines of much 
lower pH, e.g. 4.5, representing a gradient of 800 to i. The urines containing more 
titratable acid had more buffer than the urines of lower pH. The greater titratable 
acidity observed (i, 3, 9, 14) when more buffer is present or when a buffer with a 
higher pKa^ is infused can be readily explained by the fact that, under these cir- 
cumstances, more BHCO3 and B2CO3 can be reabsorbed before their concentrations 
fall to any given level. 
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The evidence of Conway et al (15) that the proximal tubule is impermeable 
to sodium does not support the view (i) that four fifths of the filtered NaHCOs and 
H2CO3 undergo isohydric reabsorption in the proximal tubule. Furthermcre, up 
to 30 per cent of the filtered water appeared in the urine in the e;xperiments on 
urinar}'' acidification (i). 


sraaiARY 

Experiments are presented to show that because of buffer equilibria, for which 
an equation is derived, sufficient B2CO3 can be reabsorbed in addition to BHCO3 
to produce any titratable urinary acidity yet reported. Physico-chemical and other 
considerations favoring such a mechanism are discussed. Conditions under which 
active tubular reabsorption of BHCO3 can fully account for titratable urinary acidity 
are also noted. 

High titratable acidity of the urine can be completely explained as well i) by 
active tubular reabsorption of alkaline compounds whether or not the tubular 
luminal membrane is permeable to the diffusion of CO2 (H2CO3), as 2) by active 
tubular transport of acid (either ionic exchange or secretion of acid) into the tubular 
lumen followed by passage of CO2 (H2CO3) out of the tubular lumen, or 3) by some 
combination of i) and 2). 

The mechanism responsible for the production of urinary acidity has not yet 
been conclusively demonstrated. 

The author wishes especially to thank Dr. Donald D. Van Slyke, Dr. John P. Peters and Dr. 
Louis Leiler. His thanks are also due Dr. Francis G. Blake, Dr. David M. Kydd, Dr. Walter W. 
Palmer and Miss Pauline M. Hald. 
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PLASMA INORGANIC PHOSPHATE CONCENTRATION AND 
HYPERVENTILATION IN THE DOG^ 

GILBERT S. CAMPBELL, E. B. BROWN, JR., and FRANK GOLLAN 
Frojn the Department of Physiology, University of Minnesota 

MINNEAPOLIS, MINNESOTA 

H yperventilation in man is known to result in a lowering in plasma 
inorganic phosphate concentration (1, 2, 3) and in urinary phosphate 
excretion (3, 4), Anesthesia (5, 6) and shock (7) are associated with 
plasma concentration changes in the reverse direction. In order to be able to study 
■the fate of phosphate retained in the body and lost from the plasma in hyperventila- 
tion it seemed iniportant to study the problem in experimental animals. It is 
technically difficult to hyperventilate unanesthetized dogs mechanically while their 
respiratory motor mechanisms are functional. This paper is a report of studies on 
the effects of hyperventilation of dogs under general anesthesia or without anesthesia, 
employing curare in the latter case to permit overventilation. 

METHODS 

Mongrel dogs without special pre-treatment were used. For the experiments 
under general anesthesia nembutal 30 mgm/kgm. was administered intravenously. 
Artificial respiration through a tracheal tube was administered by means of a variable 
speed, variable stroke pump. The arterial blood CO2 content was measured by the 
Bianometric method of Van Slyke and Neill (8). The plasma inorganic phosphate 
was determined by the method of Fiske and SubbaRow (9). In the experiments 
with curare 0.6 to i.o unit of curare (Intocostrin, Squibb) per pound of body weight 
brought about respiratory paralysis. 


Received for publication June i, 1948. 
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RESULTS 

Observations on ii dogs are presented in table i. In the first two sections of 
the table the effects of hyperventilation under nembutal and under curare are con- 
trasted. It is apparent that in nembutalized dogs no appreciable change in plasma 
inorganic phosphate concentration is produced by hyperventilation for periods up 


TABtE I. InTLTJENCE OE HYPERVENTILATION ON PLASMA INORGANIC PHOSPHATE IN RELATION TO 

ANESTHESIA 


DOG ^• 0 . ■ 

ANESTHETIC 

CURARE 

DtJRATXON OF 
HYPERVENTILATION 

CO2 CONTENT 

INOKOANIC POj 




mw . 

vol.% 

mim . % 

I 

Nembuta 

— 

0 

53.8 

3-3 



— 

40 

37-9 

3-1 

2 

<( 

— 

0 

41. 1 

4.2 


<< 

— 

60 

34.2 

4.0 

3 


— 

0 

40.8 

3-5 


(t 

— 

120 

26.1 

3-4 

4 

te 

— 

0 

46.2 

6.9 


it 

— 

300 

27.6 

6.6 

5 

None 

+ 

0 

34-8 

4-7 


li 

+ 

75 

14.6 

0.6 

6 

it 


0 

54-5 

3-0 


it 

[ + 

90 

38.9 

0.7 

7 

it 


0 

35-1 

3-0 


a 

I + 

120 

24.7 

0.6 

8 

« 

+ 

0 

34-1 

4.0 


« 

+ 

120 

22,0 

0.7 

9 

Local 

4 - 

0 

43-2 

1 2.8 


<< 

+ 

40 

40.6 

1.7 


<( 

+ 

240’ 

36.0 

4.2 


tt 

+ 

300 

33-6 

5-6 

10 

None 

— 

0 

48.0 

4.5 


4 i 

— 

(3o)» 

47-4 

4.2 

u 

tt 

— 

0 

44-5 

4.6 


it 

— 

(60)* 

44.4 

4.1 


’ Severe hemorrhage in the interval prccecding. 

* Quiet spontaneous breathing of trained dogs lying supine. 


to fiv’e hours and of a degree sufficient to reduce the arterial blood CO2 content by a 
third. By contrast, without anesthesia the same lowering in arterial OO2 content 
by h}’|>crvcnti!ation is assodated with a decline in plasma inorganic phosphate to a 
fourth or less of its initial value. 

Wlien surgical proccrlurcs under local anesthesia are associated with hyp-r* 
ventilation in the curarized dog the changes in plasma inorganic phosphate arc not 
uniform. An example of four such experiments is shown in table i in the case of 
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dog g. It will be seen that following hemorrhage the plasma inorganic phosphate 
level rose. 

To determine whether simple restraint in the dorsal recumbent posture (10) 
would produce changes in plasma inorganic phosphate comparable to those seen in 
hyperventilation, dogs 10 and 11 were so treated. Minimal alterations in the meas- 
ured plasma constituents occurred. 

DISCUSSION 

The marked dechne in plasma inorganic phosphate observed in voluntary (i, 2) 
or passive (3) hyperventilation in man can be observed also in the dog, if the com- 
plications of anesthesia, hemorrhage and shock are obviated. It is important that 
this point be estabhshed because it indicates that the phenomenon is not pecuUar 
to one species, and further because a method is now available for study of the mecha- 
nism in experimental animals. This point acquires significance because chronic 
passive hyperventilation in man (3) results in a net storage of phosphate in the body. 
The site of that storage may be important in connection with the changes in respira- 
tory function, particular!}'- in sensitivity to the alveolar CO2 tension, observed after 
chronic hyperventilation (ii). 


CONCLUSIONS 

Plasma inorganic phosphate concentration was markedly decreased by artificial 
overventilation of unanesthetized dogs which had received intravenous curare to 
the point of respiratory paralysis. Hyperventilation of anesthetized animals failed 
to lower plasma inorganic phosphate. Overventilation of dogs in shock resulted in 
irregular changes in plasma inorganic phosphate. The restraint of quiet, well 
trained dogs in the supine position produced only a slight fall in plasma inorganic 
phosphate. 
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CHRONIC INANITION, RECOVERY, AND METABOLIC RATE 

OF YOIBSFG RATS 

F. H. QXJIMBYS N. E. PHILLIPS akd I. U. WHITE 
From the Deparlmenl oj Zoology, University of Maryland 

COLLEGE PARK, ilARYLAND 

I T HAS been shown that adult organisms on restricted diets adjust themselves 
by a reduction in basal metabolism. Klemperer (i), Svenson (2), and Magnus- 
Levy (3) after clinical observations hypothesized that there is such an adjust- 
ment to low caloric diets. Castaldi (4), as a war prisoner, spoke of ‘adaptation’ to 
reduced diets. The experimental observations of Pashutin (5) onanimals maintained 
with small rations showed a reduction in respiratory oxygen and carbon dioxide. 
Morgulis (6) concluded that under the condition of chronic inanition the basal 
metabolism passes through the same stages of depression recognized in acute in- 
anition. Keys (7) found that men underfed for 24 weeks exhibited a decline of 30 
per cent in basal metabohsm, or a decline of 10 per cent if calculated per unit weight 
of active tissue. 

Investigations on the metabolic rate in recovery from chronic inanition have been 
limited to adult animals. Morgulis (6), experimenting with a dog, found that after 
two weeks of realimentation the metabolic rate increased too per cent over that of 
chronic inanition and 30 per cent above normal. The values did not drop to normal 
xmtil after five weeks of recovery feeding. Keys el al. (8) reported that after 12 
weeks of rehabilitation of semi-starved men the basal oxygen consumption was still 
considerably below the control; after 20 weeks it was slightly higher than the con- 
trol; and after 32 weeks it was nearly the same as the control. The recovery was 
closely determined by the caloric intake. 

No study has been made of respiratory metabolism during chronic inanition and 
recovery in young growing animals. It was the purpose of this investigation to 
determine the effects of chronic underfeeding on the metabolic rate and the respir- 
atory quotient and to follow the course of metabolic recovery during realimentation. 
Also presented in this report are the alterations in metabolism produced by thera- 
peutic injections of grow'th hormone, testosterone, and B-complex administered 
during the recovery period. 

litETnons 

Carbon dioxide is an end product of oxidation of all carbonaceous material, 
aside from those fragments of the protein molecule that arc excreted in the urine. 
A measure of the carbon dioxide production furnishes, therefore, an estimate of total 
catabolism. Because of the simplicity and consequent accuracy, the metabolic 
rates in this experiment were calculated from carbon dioxide determinations. 

n-.t', fittidk-. v;erc arr.ingeJ in two .scp.ir.ilc experiments. In both experiments young mate 
sibmn rat?, 30 nzys of age, v.'cre cmpioyeJ in groups of 10, e.-ich group constituting an cxpcritucutal 
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unit. The rats were placed in individual cages and were underfed by restriction of the daily in- 
take of a qualitatively balanced ration to an amount that would just maintain body weight. At 
the end of the selected periods of underfeeding the animals were put upon full and adequate rations 
for various periods of time. 

Sample metabolic rates were taken of the rats in a state of chronic inanition of -30 days’ dura- 
tion, and after 10, 20, and 30 days of refeeding. Similar determinations were made on other animals 
after a more prolonged imderfeeding of 90 days and at refeeding intervals of two, five, and eight 
weeks. Determinations were also made on fully fed normal rats. All metabolic data collected 
%vere non-fasting; that is, food was not withheld 18 hours before determinations. 

A modification of the Haldane open-circuit was employed in making these metabolic studies. 
Air was drawn through the animal chamber at a rate of 2 1 /rain, after being made carbon dioxide 
and water free by passing it through moist soda lime, anhydrous calcium sulfate and activated alu- 
mina. Carbon dioxide was collected from the air leaving the animal chamber for a period of two 
to four hours by the use of Ascarite. Water in the air was collected by the use of a Swartz tube 
immersed in a bath of dry ice and alcohol. The collecting tubes were weighed on an analytical 
balance to the nearest milligram, and the cage, with animal, feces and urine, was weighed on a torsion 
balance to the nearest hundredth gram. Movement of animals was kept at a minimum by the use 
of bright lights and by permitting the rats to quiet down in the chamber before making the deter- 
mination. The experiments were conducted during the winter and the determinations were made 
between 10:00 a.m. and 4:00 p.m. in accordance with Horst et al. (9), who showed that dxj'gen up- 
take in the rat is abnormally high in the morning and late afternoon, and in accordance with Sher- 
wood (10), who reported that rats exhibit a marked diminution in metabolism during the summer 
months. The metabolic rates are expressed as the number of calories liberated per square meter of 
body surface in 24 hours, the latter being calculated as the two-thirds power of the body weight 
multiplied by 9.1 as a constant. The calories %vere calculated from an average respiratory quotient 
based upon preliminary experiments and from the amount of carbon dioxide released. 

The administration of growth hormone and testosterone has been described in a previous 
report by Quimby (ii). Vitamin B complex was given daily by intraperitoneal injection in the 
amount of 0.2 ml. The preparation employed was ‘Betalin Complex’ (Lilly) and contained in each 
injection 0.5 mg. thiamin, 0.2 mg. riboflavin, 0.25 rag. pantothenic acid and 0.5 mg. pyridoxine. 

RESULTS 

Table i. Effect of various periods of refeeding and recovery therapy on the metabolic 

RATE OF the RAT* (CALORIES PER 24 HOURS PER SQUARE METER BODY SURFACE). 

MEAN AND STANDARD DEVIATION. 


rxpEE.* CEOUp 

REFED 

10 DAYS 

RETED 

20 DAYS 

RETED 

30 DAYS 

Saline control 

1710 ±42 
139s ±68 

137s ±36 

1260 ±81 

1330 ±54 

1150 ±49 

Growth hormone 


EXPEE.» GEOOT 


1 

RETED 

5 WEEKS 

RETED 

8 WEEKS 

Saline control 

1752 ±32 
1382 ±12 
1710 ±58 
1402 ±78 

1517 ±50 
1414 ±133 

1496 ±81 
1466 ±24 

1322 ±57 
' 1274 ±136 
1334 ±70 
1354 ±16 

Growth hormone 

B-complex 

Testosterone 



^ Each group in the tables consisted of lo animals. 

- Before refeeding, these rats had an average metabolic rate of 1014 ±96 as a result of a 30- 
day chronic star\’ation period. 

’ Before refeeding, these rats had an average metabolic rate of 920 ±102 as a result of a go- 
day chronic starvation period. The average metabolic rate of fully-fed normal rats was 1149 ±125. 
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DISCUSSION 

Effect of Chronic Inanition on Metabolic Rate. Table i shows that there was 
about a 10 per cent and 20 per cent reduction in the metabolic rate after 30 days and 
90 days of semi-starvation respectively. The caloric restriction employed in this 
experiment in bringing young rats to a state of chronic inanition was accompanied 
by a proportional restriction of minerals and vitamins. The amount of thiamin 
(vitamin Bi) contained in the daily ration during the underfeeding period was 0.02 
milligram. This constituted, according to Griffith and Farris (12), only about one 
fourth of the minimum daily requirements necessary for normal growth. Although 
the cause of the depressed metabolism in the underfed rats was not investigated in this 
experiment, the studies of other workers (13-20) suggest that it may be attributed to 
the specific deficiency of vitamin Bi, the effect being mediated through the pituitary 
and thyroid glands. 

Effect of Chronic Under nutrition on the Respiratory Quotient. The respiratory 
quotients of these semi-stanmd rats were, without exception, low, t3rpically fasting 
values in determinations made before permitting the daily ration; and they were 
high, t3q)ically non-fasting values in determinations made after consumption of the 
daily ration. The mean of six fasting determinations was 0.75 and that of six non- 
fasting determinations was 0.94. Although the type of food restriction in this ex- 
periment was purely quantitative, with carbohydrates, fats and proteins available 
in balanced but inadequate amounts, one might have expected a reduction- in the 
R. Q. on the basis of other studies. For example, Dann and Chambers (21) found 
an almost complete suppression of the ability to oxidize ingested glucose in dogs after 
a three-week fast. Chambers (22) noted that as the amount of carbohydrate in the 
diet was decreased there was a diminished utilization. Marrazzi (23) observed that 
restriction of food intake decreased absorption of glucose. It is clear, however, that 
in the young semi-starved rats of this present experiment carbohydrates were being 
normally if not preferentially absorbed and metabolized as shown by the high respira- 
tory quotients found in determinations made following the ingestion of food. In 
fact, Quimby (24) has shown that absorption and utilization of food in these animals 
was actually facilitated by chronic starvation. 

Effect of Ref ceding on Metabolic Rale. The stimulation of metabolism which 
occurred in early recover}' (table i) must be associated with the intense growth and 
regeneration of the active protoplasm. The influx of nitrogenous materials which 
naturally accompanied rcalimcntation might offer an e.xplanation, but this does not 
appear reasonable in view of the fact that the supply of nourishment continued to be 
great even as the metabolic rate gradually returned to normal. It is clear therefore 
that the enhanced metabolism of recovery must be interpreted as due to the active, 
growing, regenerating tissues. There is no evidence in the literature and no measure- 
ments were taken in Uiis e.xpcriment vrhich would indicate that the pituitary or 
thyroid were responsible for this phenomenon. 

Th.c metabolic rate was nerirly normal at the end of the refeeding periods, 
although the longer period of undcrnulrition prolonged the time required for recovery. 

Effect ofCrcKtlh lJorn:otic and Testosterone on the Metabolic Rate During Refeeding- 
The reduction in the metabolic rate during recover}' which resulted from growth 
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hormone injections (table i) is in agreement with the results obtained on normal 
animals with similar growth extracts used by Kleiber and Cole (25) and Teel and 
Cushing (26), whose extracts reduced metabolism while promoting growth. 
The explanation of this effect, however, must await the evidence of further 
experimentation. 

Injections of testosterone also resulted in a reduction of metabolic rate (table 
i). The action in this case was due to the inhibitory effect of the sex hormone on the 
pituitary gland. In a previous report, Quimby (ii) has shown that pituitary de- 
pression resulted from the testosterone therapy emplo3'-ed in these animals. 

The fact that the testosterone and growth hormone did not maintain their 
depressing action on the metabolic rate throughout recovery was probably due to the 
fact tliat the pituitary recovered in its secretory capacity so as to counteract the 
inhibitory effects of these substances. 

The administration of vitamin B complex was without effect, indicating that 
amounts adequate for metabolic recovery were present in the food consumed during 
realimentation. 


SUMMARY 

Chronic starvation in young growing rats lowered the metabolic rate 10 to 20 
per cent below normal, but an abnormally high metabolism appeared during the early 
period of refeeding. The enhanced metabolism of early recover}’- was decreased in 
rats treated with growth hormone and with testosterone. 

The administration of vitamin B complex did not alter the course of metabolism 
during recovery. The metabolic rates of all groups were normal or nearly normal at 
the end of the refeeding periods, although the longer period of undernutrition pro- 
longed the time required for recovery. The non-fasting respiratory quotients of the 
rats in a state of chronic undernutrition had values slightly higher than those given 
for normal rats. 
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EFFECTS OF ALTITUDE ANOXIA ON RENAL FUNCTION 

ROGER K. McDONALDi and VINCENT C. KELLEY^ 

From the Department of Medicine, School of Aviation Medicine 

RANDOLPH AIR PORCE BASE, TEXAS 

AT THE present time there is a paucity of data available on the effect of 
/ \ reduced atmospheric pressure on the excretory function of the kidney. 
X Jl. Alving el al. (i) studied the effects on renal function of exposure of young 
men to simulated altitudes of 10,000 to 18,000 feet for four to six hours daily, six 
days per week over periods of four to six weeks. They found that such exposure 
caused no change in renal plasma flow, glomerular filtration rate nor filtration fraction, 
but did cause invariably an increase in maximum tubular excretoiy capacity for 
diodrast (Tmo). In none of eight experiments performed on 5 subjects was a de- 
creased TmD observed. In 2 subjects at 10,000 feet and 11,500 feet, respectively, 
the increase was within the standard deviation for normal subjects at ground level, 
but in all other experiments the increases were of greater magnitude. An increased 
Tmij was noted on the thirteenth day of exposure to altitude, the earliest that any 
subject was studied. In 2 subjects the Tmp showed no tendency to return to pre- 
ascent values for as long as 41 days, the longest time that studies were made at 
altitude. 

The oxygen requirement of the normal kidney has been studied by several investigators. In 
1905, Barcroft and Brodie (2, 3) reported the oxj^gen consumption per minute by single-kidney dogs 
varied widely but averaged about 1.5 cc., and that diuresis produced by urea and sodium sulfate was 
accompanied by a large increase of the oxygen absorbed by the kidney. They did not believe that 
the increased oxygen consumption was attributable to the increased urine output at the glomerulus 
but stated that, “. . . it is under these circumstances that the kidney may be most active”. Fee and 
Hemingway (4), using perfused isolated kidney preparations, also reported a rise in renal oxygen 
consumption with increased urine volume. Hayman and Schmidt (5) reported results of oxygen 
consumption by the kidney of anestlietized dogs on the cubic centimeters of oxj^gen per gm. per min- 
ute basis similar to those of Barcroft and Brodie, but did not notice any characteristic effect on the 
apparent oxj'gen metabolism of the kidney by increased urine volumes produced with caffeine or 
sodium sulfate. Adolph (6) reported that in frog kidneys a 4 per cent atmosphere of oxygen was 
sufficient to cause a complete cessation of urine formation. This effect was shown to be due to con- 
striction of the renal arterioles and was not modified by denervation of the kidney. Van Slyke et 
al. (7) were unable to show any relationship of renal blood flow or oxygen consumption to the work of 
the kidney in excreting urea or water at greatly varjdng rates. The renal oxj'gen consumption of 
the dogs used in their studies varied from 2.0 to 13.3 cc. of Oj per minute for two-kidney dogs, and i.i 
to 9.5 cc. in one-kidney animals. Thus it is seen that in all in vivo studies of renal oxj'gen consump- 
tion reported considerable variations are noted. In regard to the problem of oxygen requirement 
for excretory work of the kidney Van Slj'ke et al. stated: “It appears that neither the excretory work 
nor the processes directly connected with it control the oxj’gen consumption of the kidnej', which 
must be governed by the energy requirements of the non-excretory processes in the organ. This 
conclusion is explicable by the fact that, as calculated by Brodie, Barcroft and others, the thermody- 
namic work ordinarily done by the kidnej' in excretion is less than one per cent of the energy furnished 
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by the respiration of the organ.” These same investigators observed that, in view of the fact that 
the renal venous blood is normally more than 85 per cent oxygenated, the oxygen tension under which 
the tissues are maintained is higher than in most other organs. 

Toth (8) noted that anoxia in anesthetized dogs induced by the respiration of gas mixtures 
containing percentages of oxygen below 10 per cent for \ to 2-| hours usually' resulted in oliguria, but 
occasionally in polyuria. By giving infusions of epinephrine to dogs he could produce either oliguria 
or polyuria depending upon the rate of the infusion. In view of the similar effects of anoxia and 
epinephrine on the urinary output, Toth proposed that epinephrine was the responsible agent in 
anoxia for the observed oliguria and polyuria. 

Malmejac (9) reported on the effect of anoxia on kidneys explanted to the neck and interposed 
on the caroticojugular circulation in dogs. He noted that urine secretion began to decrease notice- 
ably at reduced atmospheric pressures equivalent to altitudes between 14,000 and 18,000 feet. At 
24,000 feet urine secretion was three quarters of the usual amount. At from 30,000 to 33,000 feet 
renal blood flow and urine secretion ceased entirely and terminal cardiovascular acddents appeared. 

Recent studies (10-14) demonstrate a remarkable resistance of the kidney to prolonged ischemic 
anoxia with a striking ability of the kidney exposed to recover its normal functions within a short 
time. Studies based on reduction of renal blood flow are strongly indicative of marked inhibition of 
the oxidative systems in the kidney under these conditions. 

Using the Warburg technique for measuring cellular respiration, it has been demonstrated that 
the Qo; (cubic millimeters of oxj’gen per mg. of dry weight of tissue per hour) of kidney tissue is 
exceeded only by that of the retina (15-17). This is good indirect evidence that the kidney has a 
very high oxygen requirement. In studies using the Warburg technique in our laboratories the 
effect of reduced atmospheric oxygen on the Qo- of kidney slices was determined (18). In these 
studies kidney tissue slices 0.3 mm. thick were subjected to atmospheric oxygen concentrations of 
six per cent in the Warburg apparatus. The Qoj measured in this situation was two thirds of the 
QOj in air. In this respect the kidney shows no difference from liver and heart muscle which have 
similar reductions of Qot under the same reduced oxj’gen tensions. These findings are educed to 
show that although the kidney may have a remarkable ability to maintain its viability under condi- 
tions of anoxia, the overall work ability of this organ is not necessarily maintained. Indeed, from 
the in tilra evidence it is conceivable that a lowering of maximum work ability is effected. 

The above described studies on the relationship of oxj’gen requirements of the 
kidney to the function of this organ may be epitomized as follows, a) Oxygen con- 
sumption of the kidney varies widely within the course of an experiment and does not 
seem to bear a characteristic relationship to excretorj’ work of this organ, b) The 
oxygen consumption of the kidney is determined primarily, and almost exclusively, 
by non-cxcretorj’ processes of the kidney, c) The high degree of oxygen saturation 
of renal venous blood (85% or more) indicates that renal tissues are normally main- 
tained under higher oxj’gen tension than most other organs, d) Under conditions of 
ano.xia the urinarj’ output is usualij’ decreased but may be occasionally increased. 
However, as one approaches a critical level of atmospheric oxygen tension (about 45 
mm. Hg in dogs) renal blood flow and urine fonnation cease and the animal is in a 
moribund state, c) The normal kidney is remarkably resistant to rather prolonged 
periods of ano.xia. This ability of the kidney to maintain its viability under pro- 
longed periods of anoxia is coupled with the marked inhibition of o.xidative sj’stems in 
tlic kidney. I lowever, it should be stated that the overall work ability of the kidney 
under this anoxic condition is not known. 


E>mr.IlIMENTAI. PROCEDURE 

Five well trained dogs, divided into two groups, were employed in these studies. 
All animals were unanesthetized and Ifw.-cly restrained on a comfortable animal board. 
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The dogs were fasted for 12 hours before the experiment and were given 50 cc. of 
water per kg. of body weight one or two hours before the collection periods were begun. 
An indwelling, mushroom catheter was used in obtaining all urine specimens. Near 
the end of each collection period the bladder was washed once or twice with 20 or 
40 cc. of saline and a comparable volume of air. Manual expression of the bladder 
was used in conjunction with the saline-air flushings. An additional aid in insuring 
complete bladder evacuation was the positioning of the animal board on an incline of 
about 20° with the head elevated. The urine collection periods ranged from 10 to 
15 minutes each. ' Blood was obtained by external jugular puncture and heparin was 
used as an anticoagulant. The renal function tests were performed at ground level 
and in an altitude chamber at simulated altitudes of 18,000 feet (79.4 mm. Hg oxygen 
tension) and 24,000 feet (61.6 mm. Hg oxygen tension). 

In experiment /, 3 adult, female, mongrel dogs, each weighing about 10 kg., were 
used. In this experiment creatinine was used to measure the glomerular filtration 
rate (gf) and para-aminohippuric acid (pah) was used to measure the effective renal 
plasma flow (Cpah) and the maximum tubular excretory ability (TmpAn)* At least 
20 minutes before the first period a primer dose of creatinine and pah was given in- 
travenously and immediately after this an intravenous infusion of creatinine and 
PAH was begun. 

In the creatinine determination a 'correction’ based on the initial plasma blank 
was not used, as the preponderance of data in the literature suggests that endogenous 
creatinine (creatinine plus other substances giving the Jaffe reaction) is treated quite 
similarly to exogenous creatinine by the kidney. Any error that might arise from 
omission of the ‘correction’ was minimized by maintaining the plasma creatinine levels 
above 10 mg. per cent in aU cases as advocated by Shannon et al. (19). Plasma pah 
values were maintained between i and 3 mg. per cent for measurement of Cpah and 
between 30 and 90 mg. per cent for determination of TmpAn. 

The following procedure was adhered to for the values obtained at ground level 
(750 feet above sea level) and at simulated altitudes of 18,000 feet and 24,000 feet. 
Eight urine collections were carried out on each dog, starting five minutes after 
reaching the simulated altitude. During the first several periods creatinine clearance 
and PAH clearances were obtained. Each animal was then given a booster dose of 
PAH intravenously and a new infusion of higher pah concentration was substituted 
for the original infusion solution. After 20 to 30 minutes several more urine collection 
periods were carried out to determine the TmpAH values. Thus the elapsed interval 
of time between the time of reaching the desired altitude and the time of commencing 
the first of the series of consecutive urine collection periods for determination of 
TmpAH was in all cases approximately 75 minutes. A minimum interval of one week 
was maintained between successive tests on any one animal, and each dog was tested 
at only one altitude at any one time. 

Experiment II was designed to test the changes attributable to altitude by studies 
in ‘which measurements were made at different altitudes on the same day. 

In this group the measurement of the effective renal plasma flow was omitted 
in order that the experimental procedure might adhere to the following pattern. 
The TmpAH was determined for several consecutive urine collection periods at ground 
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level pressure in the altitude chamber. Immediately after the last period, the pres- 
sure was reduced to a simulated altitude of 18,000 feet. The rate of ascent was 
standardized at 3000 feet per minute. Five minutes after reaching this altitude 
the animals were subjected to several more urine collection periods. Immediately 
after the last period the pressure in the chamber was further reduced to simulate an 
altitude of 24,000 feet. Here also ascent was at the rate of 3000 feet a minute. 
Again, several consecutive urine collection periods were carried out five minutes after 
reaching this altitude. 

Two adult, female, Dalmatian coach hounds, each weighing about 22 kg. com- 
prised grotep 2. In this group inulin was used rather than creatinine to measure 
the glomerular filtration rate, as we have reason to doubt that creatinine is a com- 
pletely reliable expression of glomerular filtration in Dalmatian coach hounds (20). 
The inulin was prepared for intravenous administration in the manner prescribed 
by Smith el al. (21). To insure adequate urine flow for the purpose of avoiding 
crystallization of the inulin in the urine, the infusion was made to contain sodium 
sulfate in a concentration of two per cent. 

Inulin and para-aminohippuric acid were determined by the method outlined 
by Smith et al. (22). Creatinine was determined by the method of Folin and Wu (23). 

EXPERIMENTAL RESULTS 

Gloinentlar fillradon. Table i shows the results obtained for tlie gf at ground 
level and at altitudes. Moderate variations are noted in the altitude values as com- 
pared to the values obtained at ground level, with the exception of dog 3 at 18,000 
feet. In this case a rather striking increase in the Ccr was observed. This change, 
which occurred upon the first exposure of this animal to altitude, was accompanied 
by overt symptoms of respiratory distress, cyanosis and edema of the paws. Repeti- 
tion of the Ccr and Cpah a later date gave an average Ccr for four consecutive 
periods of 58.6 and a Cp^ii of 164.4. 

EJfcciivc renal plasma flaw. The data obtained here (table i) indicate an increase 
in the effective renal plasma flow in all dogs at 18,000 feet. At 24,000 feet dog 1 
showed a further increase in effective renal plasma flow while dogs 2 and 3 showed 
a CpAH decreased below ground level values. From this table it will be seen that 
no positive correlation is apparent for the changes produced in Ccr and Crah 
altitude. 

Filiralion fraction (FF). Goldring and Chasis (24) have enumerated various 
evidences that the filtration fraction is determined primarily by the degree of patency 
of the efferent glomerular arteriole. If tliis assumption is correct then certain in- 
terpretations of the filtration fraction in the group / dogs are justifiable. 

The progressive reduction in the ff of dog i (table i) is probably best c,xplaincd 
by a decrease in efferent arteriolar tonus (vasodilatation). The possibility of a pyro- 
genic reaction must be considered as the dog’s temperature, although recorded at 
tlic start of each e.vpcriment, was not followed through the course of the urine collec- 
tion periods, 'fliis would seem somewhat unlikely in view of the fact that tlie inulin 
v.'.as prepared! in the same manner in all cases, the same tubing was used for each dog, 
and the dccrc.isf^ in the rr occurred on different days. 



Tabi,e I. Effects of altitote on gf, Cpahi ff, and tmpau 
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Figures in parentliescs refer to the number of periods for which the figure ciuotcd is the mean value. 

The values in bold type are averages for the d.ay . It will be noted that on some days there was a consider.able diilcrcnce between the GF values obtained during Cp.m periods and 
btained during Tnip^j periods. 
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In dog 2 the pp at 18,000 feet was somewhat decreased. The marked rise in 
the PP at 24,000 feet is strongly indicative of a rather marked vasoconstriction of the 
eSerent glomerular arterioles. The PP of dog 3 showed a progressively marked in- 
crease with an increasing altitude which we interpret as evidence of increasing efferent 
glomerular arteriolar vasoconstriction. 

Maximum iuhular excretory capacity. The data pertaining to the TmpAH 
values for ground level, 18,000 feet, and 24,000 feet are also shown in table i. In 
4 of the dogs at 18,000 feet and in 3 of them at 24,000 feet no significant changes 
in TmpAH occurred. A suggestive decrease in the TmpAH at 18,000 feet as compared 
to her ground level value was observed in dog 2. What significance, if any, should 
be assigned to this change, viz., Tm 22.6 to Tm 15.3 is difficult to ascertain in view 
of the absence of statistical data on normal Tm variations in dogs. In dog 3 at 
18,000 feet and in dogs 3 and 4 at 24,000 feet significant increases in the TmpAH were 
observed. These changes were 88 per cent, 222 per cent and 135 per cent, respec- 
tively. 

DISCUSSION 

The data presented in this stud}’- suggest differences in the effect of altitude on 
CcR and Cix with a tendency to increase in the former and to decrease in the latter. 
However, these differences must be attributed to individual variation in response 
since other data on these same animals at altitude fail to corroborate this suggested 
pattern of response. Indeed, simultaneous observation of Ccr and Cin at 18,000 

p 

feet in one of the mongrel dogs revealed a - — ratio of i.oi. 

Lin 

The effective renal plasma flow was increased in all of the animals upon whom the 
CpAH was determined at 18,000 feet. At 24,000 feet the Cpah was further increased 
in dog I, while in the remaining 2 dogs it was below the ground level values. This 
suggests that in an animal exposed to increasing degrees of anoxia a point of maximum 
effective renal plasma flow is reached and that further increase of anoxia beyond this 
point results in a lowering of the effective renal plasma flow. The degree of anoxia 
which will elicit an increased effective renal plasma flow is of course dependent on 
the individual animal’s tolerance and it might b'e reasonably expected that dog i 
would show a similar pattern of response at a somewhat greater altitude to that shown 
by dogs 2 and 3 at the altitudes studied. In severe conditions of shock and hemor- 
rhage the renal blood flow is diminished by renal vasoconstriction making more blood 
available for other parts of the body. From this data it appears that a similar situa- 
tion obtains in the case of severe anoxic stress. The effective renal plasma flow 
was greatly elevated simultaneously with the remarkably high Ccr in dog 3 at 18,000 
feet, but at 24,000 feet. a significant rise in Ccr did not accompany the comparable 
increase in CpAii in dog /. Therefore, it may be said that a marked elevation in 
CpAU produced by exposure to anoxia docs not necessarily imply a concomitantly 
large rise in the glomerular filtration rale, nor does a decrease in CpAu entail a cor- 
responding decrease in glomerular filtration rate. 

I'he results obtained by determination of the changes in the filtration fraction 
in the group 1 dogs arc interesting in that the rr values obtained at altitude differed 
significantly from the ground level v.alues and in all cases the changes noted were 



August ip4S 


ALTITUDE ANOXIA AND RENAL FUNCTION 


199 


marked. The fact that no characteristic trend was indicated does not detract from 
the importance of this observation. Rather it would, seem to point up the theory- 
first enunciated b}’’ Richards and Plant (25) and later persuasively presented by 
Toth (S) that the release of epinephrine at varying rates can account for these 
changes. Although we do not believe that this explanation is necessarily the only 
acceptable one, we interpret tliese changes to indicate an alteration of glomerular 
dynamics by changes in the tonus of the efferent glomerular arterioles. 

The whole mechanism of renal circulatory adjustments to conditions of stress 
seems to be set to insure an effective glomerular filtration rate. If this is the case, 
the changing ff is a convenient numerical index of the progress of these adjustments. 
The effective renal plasma flow and the glomerular filtration rate are indices of the 
effectiveness of this mechanism; the former of its service to the circulation as a whole, 
the latter of its effectiveness in maintaining kidney function. 

The decrease of the available oxygen to the kidney tubules produced in these 
studies does not result in a noticeably decreased maximum tubular excretoiy ability. 
Indeed, the increases in TmpAH observed in 3 of the 5 dogs point to an apparent 
increase in the ability of the tubule cells to excrete pah upon exposure of the animal to 
an atmosphere of sufficiently reduced oxygen tension. These observations agree 
with those of Alving et al. (i) in the case of chronic, intermittent exposure to anoxia. 

An increase in the maximum tubular excretory ability has been effected by the 
administration of anterior pituitary lobe extract and thyroid hormone to normal and 
hypophysectomized dogs (26). Eiler el al. (27) produced tremendous increases in 
Tmi) by administration of thyroxin. Using testosterone propionate Welsh el al. have 
been able to increase the Tm^ in dogs up to 100 per cent (28). These studies in- 
dicate that hormonal influences are capable of causing alterations in the tubular 
transfer mechanism of the kidne3^ The possibility of a hormonal factor being in- 
strumental in causing the elevation of the TmpAH the dogs used in this study must 
be considered. 

The two mechanisms by which an increase in TmpAH could be effected are a) an 
increase in the number of participating nephrons and b) an actual increase in the 
ability of the tubular cells to transfer pah. If the former were the case, the ratio 
GI* 

— would remain unchanged; if the latter were the case, this ratio would be 

TmpAH 

reduced. It will be noted from table i that in dog 5 at 18,000 feet both the Cin 
and TmpAH are increased to approximately twice the ground level values and therefore 

Gl* 

the ratio remains roughly constant. However, in the other instances in which 

ImpAH 

an elevated TmpAH was observed no corresponding increase in.GF occurred, and there- 
fore this ratio decreased markedly. Thus it can be stated that in two of the three 
experiments in which an increased TmpAH was observed this increase is attributable 
to an increased ability of the tubular cells to transfer pah, whereas in the third case 
an increase in the number of participating nephrons is implicated. In this regard, 
it is interesting that Al-ving el al. (2) found their increases in Tmo in the absence of 
changes in gf, thereby implicating an increase in the ability of the tubular cells to 
secrete rather than an increase in the number of participating nephrons. 
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- SUMMARY 

Five dogs were subjected to renal function studies at ground level and at simu- 
lated altitudes of 18,000 feet and of 24,000 feet. In all cases Cpah determinations 
were. started five minutes after reaching the desired altitude. In the case of the 
group 2 animals TmpAH measurements were likewise started five minutes after at- 
taining the desired altitude, while in the case of the grojip 1 animals the TmpAH 
measurements were started approximately 75 minutes after attaining the desired alth 
tude. The glomerular filtration rate in these animals was either increased, decreased 
or unaffected depending upon the reaction of the individual animal to reduced ambi- 
ent pressure. The effective renal plasma flow was increased in all dogs at an altitude 
of 18,000 feet and was further increased in one dog but decreased below the ground 
level values in the remaining dogs at 24,000 feet. The maximum tubular excretory 
ability was markedly increased at 18,000 feet in i animal and at 24,000 feet in 2 of 
the 5 animals studied. 

The authors are grateful to Dr. Eric Ogden for his assistance and advice during the course of 
this investigation. 
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FURTHER OBSERVATIONS ON THE EFFECTS OF ALTITUDE 
ANOXIA ON RENAL FUNCTION 

VINCENT C. KELLEYi and ROGER K. McDONALD* 

From the Department oj Medicine, School of Aviation Medicine 

RANDOLPH AIR RORCE BASE, TEXAS 

I N A previous communication (i) we have reported the results of investigations 
conducted in our laboratory on the effects of altitude anoxia on clearances of 
inulin, creatinine, and para-aminohippuric acid and on the maximum tubular 
excretory capacity for para-aminohippuric acid. In these investigations the glomer- 
ular filtration rate was either increased, decreased or unaffected depending upon the 
reaction of the individual animal to exposure to reduced barometric pressure; the 
effective renal plasma flow as determined by Cpah was increased at an altitude of 
18,000 feet in aU dogs and was further increased in one dog but decreased below the 
ground level values in the remaining 2 dogs at 24,000 feet. The maximum tubular 
excretory ability was markedly increased in one dog at 18,000 feet and at 24,000 feet 
in 2 of the 5 animals studied. 

The present studies constitute an extension of these investigations to include the 
effects of altitude anoxia on the maximum rate of tubular reabsorption of glucose 
(Tmo) and on the simultaneous Tmo and TmpAH- 

The concept of a maximum rate of tubular reabsorption of glucose was established by Shannon 
and Fisher (2) who demonstrated that at high levels of plasma glucose a definite and constant amount 
of glucose in mg/min. is reabsorbed by the tubules irrespective of variations of the plasma glucose 
levels above the minimum level required to saturate the reabsorptive mechanism. 

Shannon (3) states that “relatively few precautions need be followed for valid measurements 
of glucose Tm provided the animal is well hydrated and the arterial plasma glucose is maintained 
at an adequate and fairly constant value. Under these conditions the system in the dog has surpris- 
ing stability, and tlie glucose Tm of any animal is quite constant over a period of many months. 
Excessive insulin may acutely depress it, but it is not affected by epinephrine nor by marked changes 
in dietary regime, and it is not related to the concurrent rate of glomerular filtration.” It has been 
recently demonstrated that the administration of th3Toxin greatly increases the Tmc (4). 

Klopp, Young, and Taylor (3) have found that high plasma levels of glucose may decrease 
theTmpAH, that high plasma levels of P.AH may increase the Tmc, and that high plasma levels of both 
simultaneous!}' may increase the glomerular filtration rate. Houck (6) has reported that Tmc and 
TmpAH are both depressed when measured simultaneously with TmpAH depressed approximately hvice 
as much as Tmc. The magnitude of the changes observed was not great in either case in this study. 

EXRERUIENTAL PROCEDURE 

Three well trained, adult female dogs, one mongrel and 2 Dalmatian coach 
hounds, were used in these studies. The dogs were unanesthetized and loosely re- 

Reccived for publication May 2S, 1948. 
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strained on a comfortable animal board. The technique used in obtaining blood and 
urine specimens and insuring complete evacuation of the bladder was the same as 
previously outlined (i). The renal function tests were performed in an altitude 
chamber at ground level and at simulated altitudes of 18,000, 24,000, and 28,000 feet 
(one test). 

The procedure followed in each case in studying the effect of altitude anoxia on 
Tmo was as follows: after the dog was placed in the altitude chamber on the animal 
board, a primer dose of glucose and inulin was given intravenously and immediately 
a constant infusion of glucose and inulin was started. (In the case of the mongrel, 
dog 5, creatinine was used rather than inulin.) At least 20 minutes later the first 
urine collection period was begun. Several periods were run at ground level. The 
pressure was then decreased to a simulated altitude of 18,000 feet at a rate of ascent 
of 3000 feet per minute, and after approximately 10 minutes the first period at this 
altitude was commenced. Upon the completion of several periods further ascent to 
a simulated altitude of 24,000 feet was accomplished at the same rate of ascent and 
after an interval of 10 minutes several more periods were carried out at this altitude. 

In the studies of simultaneous Tmo and TmpAn the primer and infusion solutions 
contained sodium para-aminohippurate in addition to the materials mentioned above. 
The procedure in these studies was the same as above with the exception that no 
studies were made at 18,000 feet, but following the periods at ground level the dogs 
were taken directly to an altitude of 24,000 feet at the rate of 3000 ft/min. In one 
case {dog 2) at the completion of four periods at 24,000 feet the dog was taken to an 
altitude of 28,000 feet and three more periods were carried out. 

Inulin and para-aminohippuric acid were determined by the methods outlined by Smith (7). 
Creatinine was determined by the method of Folin and Wu (8). Glucose was determined by the 
Folin method (9). All measurements were made on an Evelyn photoelectric colorimeter. 

EXPEREUENTAL RESULTS 

Tlie data obtained regarding the effect of exposure of the animals to altitude 
anoxia on their maximum tubular reabsorptive ability are shown in table i. It will 
be noted that at 18,000 feet there was in one animal a relatively small decrease in 
Tmc of approximately 20 per cent, in one animal a larger decrease in Tmc of approxi- 
mately 55 per cent, and in one animal no change in Tmc in two separate sets of e.xperi- 
ments. It is interesting to note that although there were quite definite changes in 
I'm^ at 1 8, coo feet as compared to the ground level values, there were no appreciable 
differences observed in any of the animals between the values obtained at 18,000 feet 
and those obtained at 24,000 feet. It is also interesting that in no case was there any 
marked change in the glomerular filtration rate at altitude as compared to the ground 
level values. 

The data obtained in the studies of simultaneously determined Tm^ and TmpAii 
arc shown in table 2. In those studies conducted under conditions of normal atmos- 
pheric pressure (ground level) a distinct dcprc'ssion of the TmpAii, as compared to the 
Tmr-AH of the animals when determined in the absence of high glucose plasma levels, 
was oi)?cn-ed in all animals. These observ’ations arc in agreement with the previous 
rer.oris of Kiopp cl d. (5) .and of Houck (6), Kcpelition of thc.se c.xperimcnt.s at 
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24,000 feet produced no significant changes in the values of TmpAH found. In other 
words, when TmpAH and Tmc were simultaneously determined there resulted a 
marked depression of the dog’s normal TmpAH whether or not the animal was being 
exposed to reduced barometric pressure; the extent to which the TmpAH was depressed 
did not seem to be related to the percentage of atmospheric oxygen to which the 
animal was being subjected. 

The values of Tmo obtained when Tmc and TmpAH were simultaneously deter- 
mined at ground level were in two cases (dogs 2 and j) in good agreement with the 
values obtained when the Tmo was determined in the absence of high plasma levels 


Table i. Effect of altitude ok Thc 


DOG NO. 

WT. 

DATE 

GROUND LEVEE 

18,000 FEET 

24,000 FEET 

GF 

Tm^ 

GF 

Tm^, 

GF 

Tmp 

I 

kg , 

22.7 

10- 8-47 

85.2 (3) 

394-3 (3) 

86.0 (3) 

316.0 (3) 

92.5 (4) 

319.6 4 ) 

2 

21.8 

9-29-47 

94.9 (4) 

352.3 (4) 

88. 5 (4) 

164.7 (4) 

106.2 (4) 

155.9 (4) 

3 

10.5 

10- 1-47 

42.8 (4) 

157.9 (4) 

44-3 (4) 

126.6 (4) 

46.4 (4) 

143.7 (4) 



10- 9-47 

48.1 (4) 

134.9 (4) 

42.8 (4) 

137.5 (4) 

47.2 (4) 

126.5 {4) 


Figures in parentheses indicate the number of periods for which the figure quoted is the mean 
value. 


Table 2. Effect of altitude on snruLTANEousLY determined Tmq and Tmpah 


DOG 


DATE 

GROUND LEVXL 


24,000 FEET 

28,000 FEET 

NO. 


GF 

Tmo 

TmpAn 

GF 

TuIq 


GF 

Tmc 

'^"’PAH 

X 

kg . 

22.7 

10-14-47 

10-22-47 

107.1 (4) 
C1.9 (4) 

2.16.7 (4) 
187.9 (4) 

10.9 (4) 

25.1 (4) 

108.3 (4) 
67.2 (4) 

20S.9 (4) 

168.0 (4) 

7.3 (4) 
30.0 (4) 




2 

3 

21.8 

lo.s 

10-10-47 

10-29-47 

59.9 (6) 

39.8 ( 4 )| 

33 . 1 . S (6) 
151.2 (4) 

37.8 (6) 
0.3 (4) 

106. 1 (4) 
4 -*S (4) 

236.8 {4) 

147.7 (4) 

21.2 (4) 
—2.3 ( 4 )‘ 

83.9 t 3 ) 

182.6 (3) 

24.5 (3) 


Figures in parentheses indicate the number of periods for which the figure quoted is the mean 
a'alue. 

* Range for 4 periods was — 0.6 to — 5.2. Negative values for TmpAu have recently been reported 
(ii). We have also noted an occasional negative TmpAn in other experiments. 

of P-A.H; however, in the case of dog 1, in two separate sets of experiments at ground 
level, a rather marked decrease in Tm^ (40 per cent on one occasion and 52 per cent 
on one occasion) as compared to the values obtained in the absence of high plasma 
lev^els of P.'VB was noted. This observation is in disagreement with the previous report 
of Klopp cl al. (5) that Tmc is either unaffected or increased by the presence of high 
plasma pah levels but in agreement with the findings of Houck (6). 

Comparison of the Tmc values obtained at ground level and at 24,000 feet reveals 
that in the presence of high plasma levels of pah the tendenc}’- toward decreasing Tmo 
witli increasing altitude is still apparent, as was the case in the absence of high plasma 
levels of P/VH, but this tendency is considerably less marked. For example, in the 
case of dog 2 in the absence of high plasma levels of pah the Tmc was reduced to 47 
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per cent of the ground level value at 18,000 feet and to 44 per cent of the ground level 
value at 24,000 feet, whereas in the presence of high plasma levels of pah it was re- 
duced only to 77 per cent of the ground level value at 24,000 feet and even at 28,000 
feet only to 55 per cent of the ground level value. 

Table 3 summarizes the data we have obtained showing the effect of altitude 
anoxia on Tmc both in the presence and in the absence of high plasma levels of pah 
and its effect on TmpAH both in the presence and in the absence of high plasma levels 
of glucose. The data shown in this table on the effect of altitude on TmpAH io the 


Table 3. Tmq and Tmpah determined individually and simultaneously at various altitude^ 


1 




GROUND LEVEL ' 

18,000 FT. 

, 24,000 rr. 

■ 

■WT. 

DATE 

KATION*. 

Individualljr 

Simul- • 
taneously 

Individually 

Individually 



k £. 





i 



I 

22, J 

10- 8-47 

Tmo 

394.3 (3) 


316.0 (3) 

319.6 (4) 

205.9 (4) 



10-14-47 

Tmo 


236.7 (4) 

i 




10-22-47 

Tmc 


187.9 (4) 



168.0 (4) 



q-i 8-47 

TrupAH 

85.6 (3) 



78.7 (4) 




9-23-47 

TnipAn 

75-5 (4) 


83.2 (4) 

7.3 (4) 



10-14-47 

TnipAH 


10.9 (4) 





10-22-47 

TmpAii 


25.1 (4) 

1 


30.0 (4) 

2 

21 .8 

9-29-47 

Tmo 

352.3 (4) 


164.7 (4) 

155.9 (4) 

256.8 (4) 



ro-io-47 

Tmo 







9-1S-47 

TmpAn 

87.0 (4) 


88.9 (4) 

204.3 (3) 

21.2 (4) 



10-10-47 

TmpAii 


37.8 (6) 



3 

10.5 

10- 1-47 

Tmo 

157.9 (4) 


126.6 (4) 

143.7 (4) 




10- 9-47 

Tmo 

134.9 (4) 

1 

137.5 (4) 

126.5 (4) 

147.7 (4) 



10-29-47 

Tmo 


151.2 (4) 





3-20-47 

TmpAit 

22.6 (4) 





1 

3-27-47 

TmpAn 



15.3 (4) 



! 

4- 8-47 

TmpAn 




25.8 (4) 


i 

10-13-47 

TmpAn 

27.0 (7) 




i 

—2.3 (4) 

! 

1 10-29-47 

j TmpAji 


0-3 (4) 










* . — 


Figures in parentheses indicate the number of periods for which the figure quoted is the mean 
value. 


absence of high plasma levels of glucose are taken from a previous publication (i) and 
are introduced at this point merely for purposes of comparison. It will be noted from 
this table, in addition to the points previously stressed, that in dog 2 the immense 
increase of Tm^Ait f-f 24,000 feet as compared to the ground level value reported in 
our previous paper is not apparent in the present studies where Tm^ and TmpAii 
simultaneously determined. It is not possible to state whether the failure of this 
interesting finding to recur is attributable to the high plasma levels of glucose in the 
present experiments. \Vc feel that it could conceivably be ascribed to the high plasma 
levels of glucose, not on the basis of competition between pah and glucose with regard 
to the tubular transfer mechanism but merely on the basis of the improved altitude 
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tolerance commonly known to be mediated by the administration of glucose. We 
have tried on numerous occasions to duplicate results of one day’s experiment at 
altitude on another day, both with regard to renal function studies and with regard 
to other investigations in which we have been interested, and have found this to be 
a virtual impossibility if the same criteria of satisfactory reproduction of results are 
employed as those invoked at ground level. The variations of results at altitude 
from day to day are considerably greater than those observed under conditions of 
normal atmospheric pressure although, in general, the results are qualitatively and 
within a certain degree of accuracy quantitatively reproducible. This fact may be 
attributed to any or all of several factors (10), but it must be borne in mind that a 
given animal’s tolerance to anoxic exposure varies from day to day. It has seemed 
to us that the most pronounced changes in renal function have been observed on the 
days when the dogs have appeared to be the most distressed by exposure to altitude. 
Therefore, it seems possible that the high plasma glucose level may have been impor- 
tant in preventing the occurrence of elevation of the TmpAH value at altitude during 
the experiment in which Tmp^H and Tmc were simultaneously determined. However, 
one cannot be certain that this phenomenon would have recurred even in the absence 
of a high plasma level of glucose. 

Examination of the values obtained for glomerular filtration rates in the experi- 
ments in which Tmc and TmpAH were simultaneously determined reveals some inter- 
esting changes that occurred in this regard. In the case of dog i on one experimental 
day a gf of 107 was observed and on another day a gf of 62 was found. In neither 
case was this value appreciably altered upon exposure to altitude. This dog’s normal 
GF has been established by numerous determinations (34 periods) to average 98.1 with 
a range of from 88 to no. In the case of dog 2 a gf of 60 was observed at ground 
level. This value was increased to 106 at 24,000 feet and decreased to 84 at 28,000 
feet. This dog’s normal gf has been established (22 periods) to average 97.7 with a 
range of 87.3 to 105.9. Thus in these two cases the Cin was definitely decreased below 
the normal values for these dogs. In this respect we again find our results at variance 
with those of Kdopp el al. who found an increase of glomerular filtration rate over the 
normal value during their ex-periments in which Tmo and TmpAH were simultaneously 
determined. 


SUMMARY 

Three dogs were submitted to renal function tests at ground level and at simu- 
lated altitudes in an altitude chamber. The tests performed were determination of 
Tmc alone and simultaneous determination of Tmc and TmpAH- In 2 of the 3 animals 
a decrease in Tmc was observed at 18,000 feet as compared to the ground level values, 
but in the 3rd animal no change was evident. In none of the animals was there any 
appreciable diflference between the value obtained at 18,000 feet and the value ob- 
tained at 24,000 feet. 

Wien TmpAH and Tmc were simultaneously determined there resulted a marked 
depression of the dog’s normal TmpAH whether or not the animal was being exposed 
to reduced barometric pressure, and the extent to which the TmpAn 'W'as depressed 
bore no evident relationship to the altitude to which the animal was being subjected. 
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In one animal a marked derpression of the Tmc resulted when Tmo and TmpAH were 
simultaneously determined at ground level, but in the other 2 animals no such depres- 
sion was noted. At high plasma levels of vah the tendency toward decreasing Tmc 
with increasing altitude, as in the case of Tmo determinations in the absence of high 
plasma levels of pah, was still apparent but less pronounced. In 2 of the 3 dogs at 
ground level, the glomerular filtration rate was distinctly depressed in the presence 
of high plasma levels of pah and of glucose simultaneously. In one of these dogs 
exposure of the animal to altitude caused the gp to return to normal, but in the other 
case it did not do so. 

The authors are grateful to Dr. Eric Ogden for his assistance and advice during the course of 
this investigation. 
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From tlie Departments of Pharmacology and Physiology, University of Utah College of Medicine 

and College of Pharmacy 

SALT LAKE CITY, UTAH 

I T IS well known that convulsive seizures may frequently be associated with acute 
febrile illnesses in early childhood, but less frequently in adult life (i, 2). Con- 
vulsions have also been reported to occur in patients subjected to fever therapy 
(3-5). In some epileptic subjects the frequency of seizures may be increased during 
fever, while in others the attack rate may be diminished (2). Experimentally, acute 
hyperpyrexia has been shown by Wegman (6) to cause convulsions in kittens. With 
regard to low body temperature, human refrigeration has been reported by Fay (7) 
to increase the excitability of the deep reflexes. Similarly, Barron and Matthews 
(8), and Ozorio De Almeida .(9, 10) have shown that a reduction in body temperature 
of frogs increases the excitability of the spinal cord. In peripheral nerve Granit and 
Skoglund (ii) have obser\fed facilitation of ephaptic transmission, and Lorente de 
No (12) has shown that the rheobase is decreased when temperature is reduced. 

Because of the paradoxical occurrence of febrile convulsions in some patients in 
contrast to febrile remission of seizures in others, it seemed important to analyze the 
effect of alterations in body temperature on various properties of experimental seizures 
without the complications, such as infection, dehydration, etc., which may attend 
febrile illness. 


METHODS 

Body temperature of Sprague-Dawley rats was altered by restraining the animals 
in circular wire mesh holders either in a refrigerator at a temperature of — 8°C. or in 
an insulated heating cabinet at 55°C. until the desired rectal temperature was ob- 
tained. Rectal temperatures were determined with a mercury thermometer immedi- 
ately before and after experimental seizures. 

Electroshock seizures were produced by a 60-cycle alternating current apparatus 
designed by Dr. Lowell A. Woodbury; the current delivered is independent of the 
external resistance. Shocks were of 0.2 second duration, and were delivered through 
corneal electrodes. Minimal electroshock seizure thresholds (13) were compared at 
control and experimental body temperatures, with a period of at least 12 hours be- 
tween tests for each animal. For observation of changes in pattern and duration of 
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maximal seizures (14), supramaximal shocks of 150 iua. (or five times threshold) were 
given; the interval between tests was at least tw'o hours. 

To determine the effect of altered temperature on rate of recovery of maximal 
seizure pattern, groups of 4 to 12 rats were* used at each desired body temperature. 
All were given a conditioning supramaximal shock, followed by a supramaximal test 
shock after the desired inter\’'al. The percentage of animals showing fuU recovery 
of seizure pattern, including the tonic extensor component, was noted. Percentage 
recoveries for various intervals were plotted on probit paper as a function of time, and 

Fig, I. EpFECT of body TEiCFERATimE 
n on the threshold for minimal electroshock 
, seizures in rats. Electroshock threshold in 
mA. is plotted on a logarithmic scale (ordinate) 
as a function of the reciprocal of the absolute 
temperature (abscissa, lop). For ease in 
interpretation the corresponding centigrade 
degrees are also shown (abscissa, bottom). 
Vertical broken line: normal body temperature 
(average of 21 rats); horizontal broken line. 
normal electroshock threshold (average of 
zs 159 rats). Each point along solid diagonal 
line represents one experiment. 

3.41 

Fig. 2. Effect of body temperatoee 
on the duration of maximal electroshock 
• seizures in rats. Electroshock threshold in 
mA. is plotted on a logarithmic scale (ordi- 
nate) as a function of the reciprocal of me 
absolute temperature (abscissa, top). For 
case in interpretation the corresponding 
centigrade degrees are also shown (absetssa, 
— bottom). Vertical broken line: normal body 
temperature (average of 22 rats); horizontal 
broken line: total duration of maximal sei- 
zures at normal body temperature (average 
. of 73 rats). Each point along solid diagonal 
20 line represents one experiment. 

the resulting points fitted by eye to determine graphically the time for recovery of full 
seizure pattern in 50 per cent of the animals at each body temperature. 

For determination of the rate of recovery of minimal seizure threshold, the 
method tvas the same except that an arbitrary' value of 150 per cent of the uncondi- 
tioned threshold at the same temperature was selected for the test shock. 

Chemoshock seizure thresholds for intrapcritoneally injected Mclrazol or picro- 
to.xin were determined by' treating groups of four or more animals at each of several 
dose levels at each desired temperature and finding graphically (as above) that quan- 
tity of drug which would convulse 50 per cent of the animals at each temperature. 

RESULTS 

Tire minimal electroshock seizure threshold was found to vary directly with body 
te.rn;K;ratu.'e- When the logarithm of threshold was plotted against the reciprocal 
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of the absolute temperature (fig. i.), the data were approximately fitted by a straight 
line giving a m value of 750x3 calories per mole, corresponding to a Qio of 1.6. 

The susceptibility to convulsions induced by picrotoxin or Metrazol was also 
increased by lowering the body temperature. The approximate Qio for picrotoxin 
was found to be 1.6, which is in agreement with the electroshock data. Occasional 
spontaneous seizures were observed when body temperature was elevated above 43°C. 
or reduced below 27 C. This would tend to compromise any observations taken 
beyond these limits. 

The effect of body temperature on the total duration of maximal seizures is 
shown in figure 2. As might be ex-pected the total duration varies inversely with the 
bod)'" temperature. The Qio was found to be 2.8 (jn value, 19,600 calories per mole). 
It is interesting to note that a sharp reduction in total seizure duration occurs when 
body temperature is reduced below 27°C., as shown by the separate line in the upper 
right segment of figure 2. It should be mentioned that spontaneous convulsions were 
occasionally observed at and below this temperature. 


Fig. 3. Effect of body temperature 
on timeTor recovery of maximal electroshock 
seizure pattern in rats. Each point (x, open 
circle or solid circle) on the graph represents 
a group of 4 to 12 rats. The percentage 
recoveries (tc/t ordinate; corresponding probit 
values, right ordinate) are plotted as a func- 
tion of time (abscissa) and the points fitted 
by eye. 



Associated with the effect of variations in temperature on total seizure duration, 
changes in the relative duration of the various seizure components were observed. 
In general, a reduction in temperature decreased the fractional duration of the tonic 
phase and particularly the initial flexor component of tlie tonic phase. At elevated 
body temperatures the absolute as well as the relative duration of tonic flexion was 
increased; above 42°C. the entire seizure tended to be a tonic flexion with superim- 
posed fine clonus. It was difficult to measure the duration of the various components 
at temperatures below 2j°C. because the end-points were not clearly defined. 

The effect of body temperature on the time for recovery of a full maximal seizure 
■pattern following a supramaximal shock is shown in figure 3. It may be seen that 
the recovery time for 50 per cent of normal rats is 3.48 ± 0.25 minutes. When the 
body terhperature was elevated to 40° to 42°C. the recovery time for 50 per cent of 
the animals was found to be 2.48 zt 0.25 minutes. Conversely when body tempera- 
ture was reduced to 3o°C. it required 5.02 ± 0.44 minutes for 50 per cent of the ani- 
mals to recover the maximal seizure pattern. Therefore the Qio between 3o°C. and 
4o°C. is approximately 2 (ji value of 12,000 calories per mole) for recovery of the 
normal seizure pattern. 

Following a maximal seizure, the rate of recoveiy of threshold was found to be 
doubled by a 10° reduction in body temperature, giving a Qio of 2. This is in agree- 
ment with the results of the maximal shock experiments. 
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DISCUSSION 

It is of interest to note that the temperature coefiicients differ for seizure thresh- 
old, seizure duration and post-seizure recovery. This would seem to indicate a differ- 
ence in the fundamental chemical processes underlying these three functions (15), 
but the identification of the specific temperature coefficients with particular limiting 
enzyme steps would be unwarranted (16). 

Since seizure threshold was increased by a rise in body temperature, this factor 
alone might conceivably account for febrile remission of convulsive disorders in some 
patients. It ob\dously could not account for febrile onset of seizures in other cases. 
Spontaneous seizures were occasionally seen at high body temperatures in the present 
study, demonstrating that threshold is not the only factor determining the occurrence 
of convulsions. 


SUMMARY 

Characteristics of experimental seizures were studied in rats whose body tem- 
peratures were altered by e.xposure to extreme environmental temperatures. Seizure 
threshold was increased, seizure duration reduced and post-seizure recovery hastened 
b}’’ increased body temperature, and conversely changed by decreased body tempera- 
ture. The data were adequately fitted by plotting the logarithm of each function 
against the reciprocal of absolute body temperature. For seizure threshold the Qio 
was found to be 1.6, for seizure duration 2.8 and for recovery 2.0. The possible sig- 
nificance of the findings is briefly discussed. 
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EXCRETION OF BILIRUBIN AND BROMSULFALEIN IN BILE 
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From the Dcparlmcnts of Biochemistry, Physiology and Medicine, Jefferson Medical College 

PHILADELPHIA, PENNSYLVANIA 

I N CONTRAST to the abundance of information regarding the rate of dis- 
appearance from the blood of intravenously injected bilirubin and brom- 
suKalein, relatively little is known concerning the rate of their excretion in the 
bile. Practically all of the few reported data bearing on this problem have been 
obtained under conditions tliat are not entirel);- satisfactory for one or more of the 
following reasons: d) ,the effect of anesthesia and reaction to operation in acute 
experiments; 1 ) the inability to maintain consistently normal nutrition and liver 
function in the usual external bile-fistula dog; c) the use of inaccurate methods for 
determination of pigment in bile. 

The most important difficulty has been overcome by the use of the Thomas-type 
tubulated duodenal-fistula dog (1-3), in which normal nutrition and liver function 
can be maintained for periods of many months to several years. Moreover, accurate 
methods are now available for determination of total pigment and bromsulfalein in 
bUe. The present study was undertaken for the purpose of securing information 
regarding the normal rate of excretion of pigment in the bile and the rate of excretion 
of pigment and bromsulfalein after intravenous injection of bilirubin and brom- 
sulfalein, singly and in combination. These experiments are to sen^e as controls for a 
subsequent study of the influence of various choleretic agents upon tlie biliary excre- 
tion of these substances. 


Materials and Methods 

Ten trained, cholecystectomized dogs were used, provided with gastric and duodenal fistulae 
fitted with large cannulae, as described by Thomas (i). The duodenal fistula was placed opposite the 
ampulla of Vater and bile was collected by inserting a temporary glass cannula (2, 3) into the common 
duct. The bile was allowed to drain into graduated tubes until the flow became constant. It was 
tlien collected in 15-minute samples. 

In control studies, collections were continued for periods ranging from 2 to 4 hours. In experi- 
ments involving intravenous injection of bilirubin or bromsulfalein, bile was collected for 30 to 60 
minutes before injection and for varying periods up to 6 hours subsequently. In experiments involv- 
ing continuous injection, these were made witli a motor-driven constant infusion apparatus, at 
measmed rates, after injecting a priming dose. Bilirubin (Eastman Kodak Co.) was injected in one 
per cent Na^COj solution (0.3-2.0 mg/cc.). In continuous injection experiments, the commercial 
bromsulfalein solution was diluted with 0.85 N NaCl solution. The amounts injected are indicated 
in the tables. 

All determinations of pigment and dye w'ere made with the Evel3m photoelectric colorimeter. 
Each is-minute bile sample was made up to 5 or 10 cc. with distilled water. Total bile pigment was 
determined by the method of Malloy (4), bromsulfalein in bile, by a method described by Cantarow 
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and Wirts (s); bilirubin in serum, by the method of Malloy and Evelyn (6); and bromsulfalein in 
blood, by the method of Bradley et al. (7). 

RESULTS AND COMMENT 

Controls. Data regarding bile volume and pigment output in 8 untreated dogs 
during 44 periods of at least one hour are presented in table i.- The bile flow ranged 
from 2.1 to 17.6 cc/hr., 0.140 to 1.257 cc/kg/hr. The bile pigment concentration 
ranged from 12 to 161 mg/ioo cc., and the output from i.o to 5.943 mg/hr,, 0.019 to 
0.289 i”g/kg/hr. Both volume and pigment varied considerably in individual 
animals. For example, the findings in dog 6 , studied on 16 different days, were as 
follows: bile volume, 2.1 to 15.2 cc/hr. (0.105-0.760 cc/kg/hr.) ;pigment concentration, 
23 to 153 mg/ioocc.; pigment output, 1.870 to 4.281 mg/hr. (0,093-0. 2 14 mg/kg/hr.). 

Early in this study it w'as foimd that the presence of food in the stomach was 
accompanied by wide fluctuations in bile output, pigment concentration and, occa- 
sionally, total pigment output in 15-minute periods. This was attributed to the 


Table i. Bile voLUire akd pigment excretion in untreated dogs 


DOC 

NO. OF 
DETERM 1 « 

VOLTJME 

1 PXGMEKT 


j NATIONS 

ccihr. 

ccihzihr. 


msthr. 


3 


6.0 

0.283 

60 

3*63 

0.172 

4 


3 .I-I 3-7 

0.206-0.913 

12- 92 

1.372-3.220 

0.091-0. 214 

5 


3.7- 8.1 

0.205-0.450 

32- 77 

2.614-4.810 

0.145-0.267 

6 


2.1-15.2 

0.105-0.760 

23-153 

1.870-4.281 

0.093-0.214 

7 

I 

7.4 

0.616 

47 

3-474 

0.289 

8 

3 

4.6- 6.5 

0.383-0,541 

21- 57 

1.333-2-600 

0.111-0.216 

9 

12 

3 - 3 - 17.6 j 

0.235-1.257 

17-154 

I .000-5.943 

o,o7i“0* 218 

JO 

1 

2.1 

0.140 

161 

3-38 

0.22s 


passage of acid gastric contents into the duodenum, with consequent stimulation of 
the secretin mechanism. Instillation of HCl into the duodenum had a similar effect. 
All subsequent observations w'ere made after a 14 to 16-hour fast, which diminished 
but did not eliminate these fluctuations. However, the hourly flow and pigment 
output were quite constant under these circumstances in individual experiments. 
No satisfactory e.xplanation can be offered for the variation in bile flow and pigment 
output on different days. This observation is not in accord with that of Kocour and 
Hy (8), wlio reported that in external fistula dogs the bile volume output is constant 
(=:4 per cent) and reproducible under similar e.xperimental conditions. It may 
significant in this connection that the Rous-McMaster type fistula dog (9), whicli 
they used, has been found to have, almost invariably, some degree of impairment of 
liver function even Uiough apparently healtliy (10, 3). Single or continuous intr.a- 
venous injections of 0.S5 per cent NaCl or one per cent NajCOj solutions, in quantities 
employed for injection of bilirubin or bromsulfalein, had no significant effect on bile 
volume or pigment e.xcrction. 

Bilirubin iujcctum. Four dogs were given eight single intravenous injections of 
one mg. bilirubin per kg, body weight On one minute). The pertinent data arc 
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presented in table 2. After a single priming dose (0.3-1 .0 mg/kg.), bilirubin was 
injected continuously for 30 to 120 minutes in 3 dogs (6 experiments). 

The injection produced no significant change in the rate of bile flow. The 
maximum concentration of pigment in the bile ranged from 268 to 433 mg/ioo cc. 
after single injection and from 251 to 727 mg/100 cc. after prolonged injection, oc- 
curring in tlie second 15-minute bile sample in one instance, in the third sample in 
five and in the fourth sample in eighfinstances. The period of maximum pigment 
output coincided with that of maximum concentration in all but five instances, 
occurring in the preceding 15-mmute period in two and in the succeeding 15-minute 
period in three instances. No significant amount of bilirubin was found in the urine 
obtained by catheterization at the end of the experimental period. These data do 
not represent the actual conditions of excretion of pigment by the hepatic cells 


Table 2. Pigment excretion in bile following single intravenous injection of i mg. 

BILIRUBIN FER KILOGRAM BODY WEIGHT 


BOO 

BTI-IRU- 
BIN IN- 
JECTED 

POST-INJECTION UAXtmm 
CONCENTRATION 

(is min. period) 

PIGMENT EXCRETION | 

RECOVERY 

Control 

Post-injection 

■ ms. 

! % 

total 

vol- 

ume 

time 

1st hr. 



1st hr. 



total 

4 

mm 

mm 

320 

268 

mm 

ce . 

0-5 

t.6 

60 

45 i 

1 

tng/hr. 

2.411 

2.416 

tng. 

6.658 

9.074 

mg- 

7-397 

6.777 

mg, 

3.218 

3.38s 

% 

28.7 

44.0 

% 

33-7 

29-5 

! 

% 

a""! 

6.5 

1 

% 

67.8 

89.0 

{5 

20.0 

1 

3-28 

0.8 

g 

3 •843 

10.406 



32.8 



62.4 


20.0 


6.52 

1.9 

m 

4.279 

IS-192 



54.6 

m 


69.6 


m 

334 

S-oOi 


j 

45 

1-347 

9 -145 

2.621 

2.799 

65.0 

1 , 

j 10.0 

1 12.1 

87.7 

8 

mm 

433 1 

I- 9 S 

0.45 

60 

1-333 

4.645 

5-884 

1 . 690 

27.6 

' 37-9 

3-0 

68.5 


12.0 

271 

4.07 

i-S 

60 

1 

2.60c 

6.88c 

3-393 

3-398 

35-7 

6.6 

1 .. 

6.6 

48.9 

9 

14.0 

317 

3-49 

1. 1 

4 S 

3-778 

7.669 

7.166 

4.901 

27.8 

24.2 

8.0 

60.0 


because of the relatively low is-minute bile volume (<2 cc.) as compared to the 
capacity of the bile duct system. The latter was found to be about 5 cc. in one 
cholecystectomized, Thomas-type fistula dog terminated six months after operation. 
The data obtained therefore represent the result of some degree of dilution of freshly 
secreted bile by the contents of the duct system; there is also a time lag incident to 
the existence of this 'dead space’. 

The percentage recovery of "the injected bilirubin was calculated by subtracting 
the hourly pigment excretion during the pre-injection control period from the subse- 
quent hourly excretion. The accuracy of these recovery values depends upon the 
validity of the assumption that the basal pigment excretion remains constant during 
the experimental period. Although this assumption is open to some question, the 
comparative consistency of hourly pigment excretion in control experiments suggests 
that this method of calculation is justifiable. 

After a single injection of one mg/kg., 48.9 to 89.0 per cent of the amount 
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administered was recovered in three hours, the largest proportion during the first 
hour in six instances and during the second hour in two instances (table 2). In the 
continuous injection experiments (i.3-5-o mg/kg.)? 61 -o to 100 per cent of the 
quantity administered was recovered within two to four hours. There was no con- 
sistent relationship between the percentage recovered and the quantity administered. 
Some increase in pigment concentration and/or output was almost invariably present 
in the first 15-minute bile sample and was pronounced in the second 15-minute 
sample. Interpreted in the light of conditions incident to the existence of the rela- 
tively considerable dead space of the bile ducts, these data indicate that an increase in 
circulating bilirubin results in a prompt increase in the rate of pigment excretion by 
the hepatic cells. 

As pointed out by Greene and Snell (ii),-this augmented excretion is accom- 
plished primarily by an increase in concentration of pigment in the bile rather than 
by an increase in bile volume. However, they found no increase in bilirubin excretion 
during the first 30 minutes after intravenous injection of one mg/kg., the maximum 
concentration and excretion occurring during the third hour. This discrepancy may 
be due to the fact that their experiment was conducted under amytal anesthesia, the 
rate of bile fl.ow being considerably lower than in our dogs. Berman, Snapp and 
Ivy (12) determined the rate of biliary excretion of bilirubin after injecting 5 mg/kg. 
in 5 dogs under sodium pentobarbital anesthesia. An average of 29 per cent of the 
injected bilirubin was recovered in 1.5 hours and 39.4 per cent in 3 hours, the maxi- 
mum recovery occurring during the second half-hour period. It is doubtful that the 
greater recovery in our experiments was due to the smaller quantity administered as a 
single injection (i mg/kg), inasmuch as approximately the same proportion was re- 
covered by us after prolonged injection of larger amounts. Moreover, Berman elal. 
(i 2) obtained substantially the same percentage recovery after injection of 1 2 mg/ kg. 
as after 5 mg/kg. It appears more probable that the lower figures obtained by them 
are due to the effect of the anesthetic and operative procedure and, possibly, to the 
fact that we determined the total bile pigment output whereas they determined only 
bilirubin, by the method of Thannhauser and Andersen (13), which does not give 
entirel}’ reliable results for pigment in bile. 

Bromsiiljalcin injcclion. Five dogs were given ii single intravenous injections 
of 5 mg. of bromsulfalein (BSP) per kg. in one minute. The pertinent data are 
presented in table 3. After a single priming dose (i mg/kg.), BSP was injected 
continuously for two hours in 4 dogs (6 e.xperiments). 

There was no significant change in the rate of bile flow. The maximum con- 
centration of dye in the bile ranged from 292 to 1432 mg/ioo cc. after single injection 
and from 27S to 1420 mg/ico cc. after prolonged injection, occurring in the second 
15-mmutc bile sample in four instances in the third sample in five, in the fourth 
sample in four, in the fifth sample in two , in the sixth .sample in two and as late as the 
seventh sample (103 minutes) in one. It is interesting that in this case {dog 5, table 
3), tl’.c maximum dye output occurred during the second 15-minutc period. There 
was no such close time correspondence between ma>dmum output and maximum 
concent nit ion of BSP as existed in the case of bile pigment. 

ll'.c percentage recovery of BSP was of the same order of magnitude as that of 
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injected bilirubin, viz., 60 to 96.9 per cent in 3 hours after single injection and 48 to 
74.7 per cent within 4 hours after beginning a continuous two-hour injection. Dye 
appeared in the bile within the first 15 minutes in every instance, 41.9 to 69.8 per 
cent being excreted during the first hour after a single injection. These values are in 
accord with previous reports from this laboratory (14, 3). What was said above 
regarding the promptness of biliary excretion of bile pigment apparently applies 
equally to biliary excretion of bromsulfalein. 

There was no evidence that the excretion of pigment was depressed during the 
period of maximal excretion of BSP. In fact, the amount of pigment excreted during 
this period exceeded the control level in every instance but one (table 3, dog 7). 


Table 3. Biliary excretion of bsp and pigment following single intravenous 

INJECTION OF BSP 



BROMSULFALEIN' 





DOC 

Injected 

Recovered 

Maximum 
concentration 
(iS-min. periods) 

Maximum output 
(iS-min. periods) 

PIGMENT EXCRETION 


mg/ 

kg. 

total I 

I St 
hr. 

2nd 

hr. 

3rd 

hr. 

total 

mg. 

% 

1 

total 

vol. 



m 



con- 

trol 

1st 

hr. 

2nd 

hr. 

3rd 

hr. 



tng. 

% 

% 

% 

% 


mg. 

cc. 


mg. 


cc. 

min^ 

tns* 

mg. 

mg. 

mg. 


5 

7 S 

52-5 

II -3 

l.6| 

6s. 4 | 

8i6i 

17. 1 

2.1 

30 


876 

2.1 

30 

1-373 

2.936 

2.767 

1.526 

4 

S 

75 

60.4 

11 . 4 ; 

2.2| 

74.0, 

864 | 

18. 1 

2.1| 

45 


864 

2.1 

45 

2.132 

2.742 

3.062 

2.192 


5 

75 

59 - 8 : 

! 

II. 7 j 

1.9 

73 - 6 ^ 

790 

18.9 

2 . 4 i 

30 



m 

30 i 

1.604 

2 .i 78 j 

2-495 

2.783 


5 

90 

69.8 

17-3 

9.8 

96.9 

1280 

6.4 

0-5 

l"S 

24-7 

476 

5 -21 

30 

1.784 

[5.118 

I- 5 SO 

13-312 

5 

1 

5 

90 

55 -Qi 

10. 1 

3.2 

69.2 

1432 

18.6 

1.3 

1 60 

I22 . 2 

1169 

1.9 

45 

'4.076 

5 -037 

I0.835 

1.089 


S 

100 

48,2 

13.0 

2.2 

63.5 

974 

10.7 


' 60 

19.8 

903 

2,2 

30 

3.202 

3-316 

1 . 810 

0.554 

A 

s 

100 

41.9 

15-3 

2.8 

60.0 

750 

1-5 

1 0.2 

i 75 

II. 7 

405 

2.9 

30 

3-005 

3.768 

2.179 

3.678 


s 

100 

42.0 

7-4 



673 

22.8 

3-4 

45 

22.8 

673 

3.4 

45 

3.928 

4-925 

1.250 



5 

100 

46.3 

7.6 

4-3 

64.2 

mo 

II, I 

1 I.O 

60 

'22.9 

1044 

2.2 

45 

4. Ill 

4-965 

1-573 

3.702 

7 

5 

60 

49-3 

19.8 

1.8 

70.9 

923 

12. 9 

i 

1.4 

45 

12.9 

923 

1.4 

45 

3-475 

2. 949 [3 -674 

2.725 

9 

5 

70 

41.7 

II. 3 

2.6 

S 5 . 6 j 

292 

8.7 

3-0 

45 

II. 7 

274 

4.3 

30 

3.061 

3.58714.008 

4.359 


There is, therefore, no indication of competition between BSP and bilirubin for a 
common excretory mechanism at normal serum bilirubin concentrations. 

Simultaneous bilirubm and brojnsulfalein injection. After a single priming dose, 
bilirubin and BSP were injected simultaneously continuously for 90 to 120 minutes. 
The pertinent data are presented in table 4. In only one case {dog 10) was the period 
of maximum output of pigment and dye delayed as compared with the findings after 
individual injections of bilirubin and BSP. Approximately the same proportion of 
dye was recovered (50.1-96.1 per cent) as after prolonged injection of BSP alone 
(48-74.7 per cent). However, the proportion of injected bilirubin recovered as 
biliary pigment (40.9-52.5 per cent) was lower than when bilirubin alone was injected 
(61-100 per cent). This suggests that, at elevated serum bilirubin concentrations, 









































2i6 


CANTAROW, WIRTS, SNAPE AND MILLER 


Volume 154 


bilirubin and BSP may compete for a common excretory mechanism, the BSP being 
excreted preferentially under these circumstances. 

Dragstedt and Mills (15) reported that intravenous injection of bilirubin inter- 
fered with removal of BSP from the blood. The data presented here (also table 5) 
indicate that artificially induced hyperbilirubinemia and increased hepatic excretion 
of bile pigment do not retard the excretion of BSP in the bile. It is known more- 
over, that the rate of removal of BSP from the blood may be normal in uncomplicated 
clinical or experimental hemolytic jaundice. 

The .data presented in table 5 indicate the quantitative discrepancy between the 
rate of removal of injected bilirubin and BSP from the circulating plasma and the 
rate of their excretion in the bile. The total quantity in the plasma was estimated on 


Table 4. Biliary excretion of bsp akd pigment during and after prolonged intrai'enoos 

INJECTION OF BSP AND BILIRUBIN 


DOG 

4 - 

DYE INJECT, 

TEST PERZOD 

1 

HECOVERV j 

MAXlirUM COKCF.KTRATIOM 
(iS-MIN. PERIOD) 

MAXUrOM ODTPUT 
(iS-min. period) 

mr/ 

ks. 

total 

t 

injec- 

tioa 

post- 

injec- 

Uon 

during 
injec- 
tion j 

1 

total 1 

Tng.% 

total 

vol. 

time 

total 

1 

mg.% 

vol.. 


Bromsulfalein 


i 

mg. 

tnin. 

min. 

% 

% 


mg. 

ce. 

min. 

mg. 


wm 


I 

S -5 

55-2 

120 

120 

30.1 

SS.6 

642 

1.99 

0.31 

180 

4.68 

624 



2 

4.8 

48.2 

90 

120 

49-3 

73-8 

200 

S.8 

2.9 

4 S 



■1 


3 

S.2 

no 

120 

120 

36.9 

SO.i 

178 

7.48 

4-2 

45 

8.33 

167 



10 

S-o 

74.6 

120 

ms 

SB 

9O.1 

805 

1 

7.84 

i 1.8 

120 



■ 



Pigment 


1 

5*5 

55-2 

120 

120 

22.7 

1 

41.4 

684 

i 1 

2.12 

0.31 

180 

3 - 93 ' 

527 

0 - 75 ' 

75 

2 

4.8 

48.2 

90 

120 

38.1 

52.5 

150 

4-35 

2.9 

45 





3 '■ 

5-2 

no 

120 

120 

26.6 

40.9 

151 

7-53 

5-0 

30 





10 1 

5-0 

74.6 

120 

ms 

CO 

41-3 1 

530 


0.2 ' 

193 

CO 

t*,. 

433 

1.8 

120 


the basis of 50 cc. of plasma per kilogram of body weight. At the end of a two-hour 
injection period, 43 to 71 per cent of the bilirubin and 34.6 to 63 per cent of the BSP 
had been removed from the blood stream but had not been excreted in the bile. lu 
no case was a significant amount of either detected in the urine during the period of 
the experiment. Even if one assumes a distribution of these substances throughout 
the extracellular fluid at their plasma concentrations, which is highly improbable 
(7), and also takes into consideration the ‘dead space’ of the bile duct system, a con- 
siderable fraction of the injected pigment and dye remains unaccounted for. If the 
liver is the only organ involved in their removal from the blood, this implies a subsc- 
quc.nt phase of temporarv' slonigc in that organ prior to their passage into the bile. 
It has been suggested (16-19) that the reticuloendothelial system may be involved in 
the remowal of BSP from the blood. There is no clear eandence, however, that extra- 
h.cpatic tissues arc involved significantly in the removal of bilinibin from the blood. 
Ihc data presented here suggest that these substances arc excreted in essentially the 
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same manner and, when introduced into the circulation, are removed from the body 
rather promptly, and in large amounts, by the liver. In the light of these findings, 


Tabjx 5. Percentages of bsp and bilirubin removed from the blood but not excreted in 

THE BILE DURING INTRAVENOUS INJECTION OF BSP AND BILIRUBIN 





BIURTTBIN 

BROMSULrAI.EIN 

0 

0 

0 


1 

H 

Amt. 

Injected 

Excreted 

Circulating 

Removed, 
not excreted 

Amt. 

injected 



Removed, 
not excreted 



hr. 


mg. 

% 

mg. 

% 

i mg. 

% 

mg. 

mg. 

% i 

mg. ; 

% 

m- 

% 

B 


i 

' 24.73 

3-97 

i6 

2.2s 

g.o 

18.S 

IS 








■ 


1 

3 I-S 0 

11.64 

37 

2.2s 

7.0 

17.6 

56 



i 

i 






li 1 

38.2s 

18.26 

48 

2.2s 

I 6.0 

16.7 

i 46 



1 

1 

1 



■ 


3 i 

4 S 

23-7 

S 3 

1 2.00 

4.0 

19.3 

I 43 



1 

1 

i 





i 





1 



1 

128 i 

26.5 1 

20.7 

4.2 

3-3 

97.3 

76 

3 

21 ' 

1 








168 

69.2 

41-2 

4*4 

2.8 

94-4 

56 



li 








208 

99.7 

47.9 j 

4-2 

2.1 1 

104.1 

SO 



2 



1 

1 ^ 




2 S 3 

130.7 

51.6 

3.7 

1.4 j 

118.6 

47 



i 




1 




43-6 

8.0 

18.3 

2.0 

4-7 

33.6 

77 

4 

IS 

1 




1 




S 7.2 

24.6 

43 

2.0 

2.5 

30.6 

53-5 



li 




] 




70.8 

36.S 

St-S 

2.0 

2.9 

32.3 

45-6 



2 




i 




84.6 

45-5 

53-8 

2.0 

2.3 

37.1 

43-9 



i 








85.5 

33 

. 1 
26.9 i 

i 

4 .S i 

5-3 

58 

67.8 

4 

IS 

X 








IIl.O 

64 -S ; 

58.2 1 

4.0 

3.5 

42.S 

38.3 



li 








136.5 

84.2 1 

61.7 

3-75 

3.1 

48 

35 . 2 , 



2 




1 




162:0 

103.4 

1 

63.8 1 

1 

3.6 

1.6 

56 

34-<5 



i 








1 

26.2s 

2 . 5 S 

9-7 

2.0 

7.3 

21.7 

1 83 

2 

10 

X 








32. 5 

8.8 

27.1 

2.0 

6.9 

21.7 

66 



li 








38.7s 

13.15 

33.9 

2.0 

5-1 

23.6 

61 



3 








4 S.O 

26.1 

ss 

2.0 

4.0 

16 . 9 

I38 



i 

27.3 

0.82 

3 

3 

II. 0 

23. s 

86 

27.3 

0.33 

1.2 

2 

7-3 

25 

pr-S 

2 

10 

I 

36.6 

3-5 

9.8 

3 -S 

9.2 

29.6 

81 

36.6 

4.6 

12.6 

2 

5-4 

30 

82 



li 

45-9 

9.7 

2t 

3 

1.0 

33.2 

72 

45-9 

13. 1 

28.5 

2 

8.5 

30.8 

83 



2 

SS .2 

12 

32 

3 

7.0 

39 

71 

55.2 

16.7 

30-2 

2 

6.8 

35 

1 63 



i 

59 

7-9 

13 

4 -S 

8.0 

4 < 5 -S 

79 

1 

59 

8.66 

14. 6 j 

2.6 1 

4.9 

47-5 

80.S 

3 

21 

1 

76 

16.56 

22 

S 

6.0 

54-5 

72 

76 

32.23 

29.2 

2,6 ! 

3.8 

51 

1 67 



i§ 

93 

23-41 

2 S 

3-6 

4.0 

66 i 

71 

93 

32.34 

34-7 

O.I 1 

0.3 

60. 5 

6s 



2 

110 

30 

27 

4.6 

6.5 

73 

66 .5 

IJO , 

40.6 ^ 

1 36-9 ; 

2.6 j 

4.1 

6S 

' 59 


Table 6. Biliary excretion of pigment during and after intravenous injection of laked 

RED BLOOD CELLS 


CONTEOL PEEIOD 

PACKED 

CEltS 

INJECTED 

INJECTIOK PERIOD 
(60 IHN.) 

POST-INJECTION PEEIOD 

Pigment excretion 

Pigment excretion 

Firsthour 

Second hour 

vol. 

pigment 


vol. 

pigment 

vol. 

pigment 

vol. 

pigment 

cc/hr. 

mg. % 

mg/hr. 

cc. 


»is.% 

mg/hr. 

CcJIlT. 

mg.% 

mgjht. 

ccfhr. 

mg.% 

rngthr. 

3-4 

37-6 

1.404 

5° 


6S-S 

3-173 

8.8 

235-7 

20.693 

10.2 

285.6 

28.246 

S-3 

37.2 

I -931 

45 

0 

68.6 

4.91S 

ro.Q 

CO 

b_ 

26.518 

II. 8 

321.6 

38.509 


the observation of Cohn el al. (20) that the peripheral tissues are capable of removing 
considerable amounts of BSP from the blood in the absence of the liver caimot be 
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interpreted as indicative of the importance of extrahepatic tissues in this connection 
in the intact animal. 

Eenioglohin injeciwi. Fifty cc. and 45 cc. of packed red blood cells were laked 
and injected intravenously at an interval of two months. The pertinent data are 
presented in table 6. The content of bilirubin-precursor (protoporphyrin) in these 
quantities of laked cells was approximately 600 mg. and 540 mg., respectively. The 
volume of bile increased steadily during the 3-hour experimental period. A definite 
increase in pigment excretion occurred in the fourth 15-minute sample in the first 
experiment and in the third sample in the second experiment. Both the concentra- 
tion and total quantity of pigment in the bile increased progressively during the 
experimental period. A similar observation was reported by Greene and Snell (ii) 
in an acute experiment. These data emphasize the rapidity of transformation of 
intravenously injected hemoglobin to bilirubin and the promptness of excretion of 
the latter in the bUe. In view of the magnitude of the biliary ‘dead space’ ^about 
5 cc.) m relation to the r 5-minute bile volume (1.4-1.9 cc. during the injection period), 
it is apparent that these phenomena must be initiated almost immediately after the 
introduction of hemoglobin into the circulation. 

suinmiiY 

Determinations were made of the rate of bile flow and pigment e.xcretion in 
trained, Thomas-type tubulated duodenal-fistula dogs, bile being obtained by in- 
serting a temporary glass cannula into the common duct through the duodenal open- 
ing. There was considerable daily variation in the rate of bile flow and of pigment 
excretion in untreated animals. 

After both single and prolonged intravenous injections of bilirubin, there was a 
prompt increase in the rate of pigment excretion in the bile, accomplished chiefly by 
an increase in concentration. After a single injection of one mg/kg., 48.9 to 89 per 
cent of the amount administered was excreted in the bile in three hours, the largest 
proportion usually in the first hour. SLxty-one to one hundred per cent of the 
quantity administered by prolonged injection was excreted in four hours. 

Broraosulfalein, injected intravenously, appeared promptly in the bile and was 
recovered in approximately the same proportions as was bilirubin. Pigment e.xcre- 
tion was not depressed during the period of maximal excretion of BSP. 

\\Tien bilirubin and BSP were injected simultaneously, BSP was excreted as 
efficiently as when administered alone, but the proportion of injected bilirubin re- 
cox-ered as biliary pigment was lower than when bilirubin alone was injected. This 
suggests that, at elex-ated serum bilirubin concentrations, bilirubin and BSP may 
compete for a common excretory mechanism, the BSP being c.\'creted preferentially. 

The quantity of bilirubin and BSP removed from the blood stream at any time 
during prolonged injection greatly exceeded the quantity e.xcreted in the bile up to 
dial time. If the liver is the only organ involved in the remo\-al of these substances 
from the blood, this implies a phase of temporary storage in that organ prior to their 
passage into the bile. 

Intravenous injection of laked red blood cells resulted in a juompt increase in 
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pigment excretion in the bile, indicating the rapidity of transformation of hemo- 
globin to bilirubin under these circumstances. 

The authors are indebted to Dr. J. Earl Thomas for advice and assistance in the preparation of 
the dogs used in these studies. 
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RENAL FUNCTION IN NORMAL RABBITS AND DOGS AND 
THE EFFECT OF URANYL SALTS ^ 

J. HENRY WELLS* and EDNA MAIN 

Froni the Division of Pharmacology and Toxicology, Department of Radiation Biology of the 
University of Rochester, School of Medicine and Dentistry 

ROCHESTER, NEW YORK 

I T HAS been shown by MacNider (i) that the kidney is the organ affected pre- 
dominantly by administration of uranium to animals. Accordingly, some in- 
vestigations of the renal action of uranium were carried out as part of an e,Yten- 
sive study of the effects of this metal on mammals. This paper is confined to the 
effects of uranium on the handling by the kidney of chloride, inulin and diodrast — 
the three substances with which most work was done. 

METHODS 

* Exposures to inhalation of uraniferous dusts were carried out in closed chambers 
by methods to be described elsewhere (2). In general, the entire animal was ex- 
posed to the dusty atmosphere of approximately constant composition for roughly 
six hours a day on six days of the week. Duration of inhalation exposure is stated 
in total hours. Animals injected with uranyl acetate received intravenous doses of 
a 0.3 per cent aqueous solution. 

Clearance Determinations — Rabbit. The animal was anesthetized with nembutal 
(Veterinary Solution), the dose being derived from a curve similar to that of Bazett 
and Erb (3) but shifted downward so that a rabbit of 3-kg. body weight received 1.8 
ml- of solution. Additional anesthetic was given as required to maintain an approx- 
imate plateau of anesthesia (injection of 0.2 ml. of solution every 30 min. usually had 
the desired effect on a 2.5 kg. rabbit). 

Cannulas were tied into the trachea, the left saphenous vein and the bladder in 
that order. As soon as the venous cannula had been inserted, infusion of the animal 
with a saline solution containing inulin (0.25%) and diodrast (0.52 vol.% of a 30% 
solution) was started at the rate of 25 ml/kg/30 min. After priming for 30 minutes, 
the infusion rate was lowered to one ml/min. for the duration of the e.xperiment. 
After an equilibration period of at least one hour from the end of priming, col- 
lection of successive urine samples at 30-minute intervmls was started. Arterial 
blood samples were taken from one deep femoral artery at the midpoints of the peri- 
ods of urine collection. At least two determinations were made on eacli animal. 
Table r contains sample data to illustrate the rabbit c.xperiments. It shows 

Received for pub!ic,ifion June 25, 1948. 
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that we were able to maintain fairly constant blood levels of the substances studied 
and that in the control experiments urine flow was fairly constant for the most part. 
After injection of uranyl acetate, the urine rate became more variable as a result of 
the action of the metal on the nephron. 

Clearance Deierminations — Dog. Females were used, the animal lying on its 
side on a table. Restraint ties were used only when necessary. The dog was cath- 
eterized with a soft-rubber, wing-tip catheter and a h)^odermic needle was taped in 
place in one leg vein. 

The dog was pruned by intravenous infusion for 30 minutes at the rate of 3 
ml/min. with a sterile saline solution containing inulin (0.7%) and diodrast (1.4 


Table i. Data eeom typical control and poisoned rabbits obtained during the 

STUDY OF THE ACUTE EFFECTS OF INTRAVENOUS INJECTION OF URANYL ACETATE 


TIME 

PLASMA 

CHLORIDE 

PLASMA 

DIODRAST 

PLASMA 

IKULIN 

DRIKE 

CHLOitlDE 

URINE 

DIODRAST 

urint: 

IKULIN 

URINE 

RATE 

CLEAR- 

ANCE 

CHLORIDE 

CLEAR- 

ANCE 

DIODRAST 

CLEAR- 

ANCE 

INULIN 

15/12/44 Control (3.75 kg.) 

. 

% 

mg. 1 % 

mg. % 

mg.% 

mg. 1% 

mg.% 

ml/min. 

ml/min. 

ml/min. 

ml/min. 

1:00-1:30 

420 

1.92 

21 .0 

1007 

Sio 

1320 

0.29 

0.70 

77.1 

18.4 

1:30-2:00 

422 

1 .92 

21. 1 

850 

352 

8S0 

0.32 

0.64 

58.7 

13-3 

2:00-2:30 

427 

1.93 

21.3 

773 

35° 

880 

0.34 

0.62 

61.6 

14.2 

2:30-3:00 

433 

1.92 

21. 1 

850 

447 

1120 

0.28 

O-SS 

65.2 

14.9 

3:00-3:30 

440 

1.86 

20.5 

898 

3S5 

944 

0.32 

0.65 

66.4 

14.7 

3:30-4:00 

444 

1. 81 

20.2 

Sio 

169 

420 

0.66 

0.76 

61.6 

13.8 


12/2/45 (2-56 kg.) 


1:00-1:30 

416 

6.07 

40.2 

410 

126 

264 

2.00 

1.97 

41 . 5 

I 3 -I 

1:30 

3 mg./kg. UO2 

Acj I.V. 







1:30-2:00 

430 

6.10 

42.2 

438 

158 

320 

1. 12 

1.14 

29.0 

s.s 

2:00-2:30 

430 

6.00 

42.8 

481 

124 

320 

1.58 

1.77 

32.7 

II. 9 

2:30-3:00 

431 

5-94 

43-3 

469 

120 

292 

1.67 

1. 81 

33-8 

II . 2 

3:00-3:30 

431 

5-84 

43-8 

460 

139 

332 

1.36 

1 . 45 

32.4 

10.3 

3:30-4:00 

428 

S-8S 

43-9 

491 

124 

325 

I.6I 

1.85 

34-2 

II. 9 

4:00-4:30 

426 

S-90 

44.1 

467 

136 

328 

1.42 

1.56 

32.8 

10.6 

4:30-5:00 

423 

S.83 

44-2 

467 

CO 

H 

332 

1-43 

1.58 

31-4 

10.7 


vol.% of a 35% solution) . At the end of the priming period, infusion was continued at 
the same rate but with a solution containing half the above concentrations of inulin 
and diodrast. Equilibration was allowed for at least an hour after the priming pe- 
riod before starting collection of clearance samples. Four consecutive urine samples 
were collected at 15-minute intervals, the bladder being washed out wdth 10 ml. of 
warm, sterUe-distilled water at the end of each period. A venous blood sample was 
taken at the midpoint of each period. 

The dog experiments were carried out under our direction by Drs. J. Roberts, 
D. C. Brodie, D. L. Adler and Mr. J. Toumaben. The chemical analyses of the sam- 
ples and the analysis of the results were made by ourselves. 
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ANALYTICAL ilETHODS 

Urine and oxalated plasma samples were analyzed for chloride by methods of 
Peters and Van Slyke (4, pp. 833-834). Their inulin concentrations were estimated 
by the method of Harrison (5). Fermentable reducing substances in both urine and 
plasma were separated from the non-fermentable by the method of Van Slyke and 
Hawkins (6). 

Urine and whole blood were analyzed for diodrast by the method of Alpert (7). 
According to Bobey and Price (8), appreciable amounts of diodrast are held by the 
precipitated red cells when whole dog blood is analyzed by this method. This obser- 
vation has been checked by us and e.xtended to the rabbit. Jn our work it was found 
that the plasma diodrast level could be calculated from the whole blood analysis for 
the dog by equation i and for the rabbit by equation 2. 

_ iooWd 
^ 90.6 - 46.7VC -h 5.8V? 

IQoWp 

° “ 96.6 - 93.4VC -1- 6.6V"c 


Here Pp is the plasma concentration of diodrast in mg. per cent, Wp is the whole blood 
concentration of diodrast and Vc is the cell fraction determined by hematocrit. 

Inlerprelalion of Data. The analytical data and the figures for rate of urine 
flow were used for calculation of urinary clearances in ml/min. As a measure of 
tubular function we have used the ratio of the amount of substance transferred across 
the tubular membrane to that transferred across the glomerular one. For reab- 
sorbed substances, like chloride, this function is calculated by equation 3. 


fci = I 


UciPin 

UlnPci 


3 


while for secreted materials, like diodrast, equation 4 is used 


Up Pin 
UlnPo 


— I 


4 


Here U is the urinary concentration, P is the plasma concentration and the sub- 
scripts Cl, D and In refer respectively to chloride, diodrast and inulin. 

Chloride has been found to be reabsorbed partially in the proximal convolution 
and partly in more distal portions of the nephron (9). Since filtered chloride is re- 
absorbed almost completely, a decrease in the fpi would be a fairly sensitive indi- 
cator of interference with tubular function but would not tell anything about the 
locus of the action. 

On the other hand, a decrease in the f^ indicates not only interference with tubu- 
lar function but, also, to some extent the locus of the action. Since phlorizin lowers 
the ability of the tubule to transport diodrast (10) and since the tubular transports 
of glucose and diodrast arc affected similarly by tlwroxin (ii), there is a good prob- 
ability that diodrast is secreted at least in part in the same portion of the nephron 
as is concerned with rcabsorption of glucose. Glucose is stated to be reabsorbed 
almost completely in the first half of the proximal convolution (9). Thus, a decrease 
in fp is believed to indicate impaired function in the proximal segment. 
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The possibility of change in the physical properties of the nephron, within a few 
days after poisoning with uranyl salts (12), makes it advisable to use only immediate 
effects on renal function in attempting to identify the locus of uranium action on the 
kidney. The same factor makes values of the filtration fraction of doubtful signifi- 
cance some days after the injection of uranium salt. 

RESULTS 

Reml Function in Normal Rabbits and Dogs. In normal animals, all the measures 
of renal function studied here appeared to be correlated to some extent with the rate 

Table 2. Equations of least square lines expressing the covariances of urine 


RATE AND THE VALUES OF VARIOUS RENAL FUNCTIONS IN CONTROL ANIMALS 


FUNCTION 

■RABBIT 

BOG 


Equation 

No. of Points 

Equation 

No. of Points 

Cci 

0.04 + i.o8u 

48 

O.73U - 0.31 

61 

Cd 

50.6 + I 3 - 7 U 

29 

212 — O.67U 

62 

Cin 

12.6 + 0.91U 

45 

53.6 -t- 3 .ou 

54 

fci 

1. 00 — 0.07U 

23 

1 .00 — O.OIU 

51 


2.02 + o.66u 

28 

2.96 — o.i6u 

52 


Clearances (C) in nil/min. u = urine rate in ml/min. f = tubular transport per unit of 
filtration, defined by text equations 3 and 4. 


Table 3. Examination of the significance of the least square lines of table 2. 


DOG 



RABBIT 

rtiNcnoN 

c 1 

Uxnin. 

1 

V 

Umax. 


X, — X, 

— 1 

Oy j 


A .2 

Sy 

Cci i 

0.22 

0 

d 

0.08 

2.42 

2.66 

II. 7 

Cn 

20.3 

0.05 

51-0 

2.42 

84.0 

1.6 

Cin 

4.8 

0.02 

12.6 

2,42 

14.9 

0.5 

fci 

0.04 

0.04 

0.99 

2,42 

0.83 

4.0 

fn 

i_.osj 

0.16 

3-13 

2.42 

4.60 

1.4 


Sy 

Bmio. 

Xi 

Umax. 

X; 

Xi — Xi 
Sy 

0.47 

1-3 

0.68 

9-5 

6.58 

12-5 

50 

1-3 

211 

9-5 

205 

O.I 

8.9 

1-3 

57-5 

9-5 

81.8 

2.7 

O.OI 

1-3 

0.99 

9-5 

0.92 

7,0 

0.64 

1-3 

2.75 

9-5 

1.48 

2.0 


Sy = Standard error of estimate, u,,,;^ and Um„ = minimal and maximal experimental rates 
of urine flow, in ml/min. Xi and Xj = values on regression line corresponding respectively to u,„in 
andUfflw 


of urine flow. Table 2 gives the equations of the least square lines for the relations 
between the various parameters and the urinary rate in our experiments. The lines 
of table 2 were examined for significance by the following steps: a) calculation of the 
standard error of estimate (Sy), b) calculation of the difference between the regression . 
values at the extreme experimental urine flows and c) calculation of the ratio of the 
value found in & to that found in a. The results of this process are given in table 3. 

It is seen from table 3 that in our experiments the only variables having clearly 
significant correlations with urine flow are the clearance of chloride and the reabsoip- 
tion of chloride. This holds for both the dog and the rabbit, although in the dog 
there appears to be a fair chance (143:1) that the inulin clearance also is a function 
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of the rate of urine flow. The latter finding is of interest in that it shows a clear 
difference between our series of experiments and that of Shannon (13) in which the 
latter author found no relationship between glomerular filtration in the dog and the 
rate of urine flow. Our data on inulin clearance in the rabbit differ from those of 
Kaplan and Smith (14) in that we found no significant relationship between the 
clearance and the urine rate while Kaplan and Smith thought that there was such a 
correlation. The reason for our unorthodox results with inulin clearance is not 
apparent. 

Although the relation of most of our parameters to urine rate was not of high 
order, it appeared that it would be more correct to compare our experimental values 
to those obtained from these regression lines than to compare them to a mean normal 
value. Accordingly, in assessing the effects of administration of uranium compounds 
upon renal function, the appropriate lines of table 2 were used to evaluate the ex- 
pected levels of the variables at the experimental rates of urine flow. The experi- 
mentally determined values of the parameters were then compared with the ex- 
pected ones. 

Acute EJfects of Intravenous Injection of U ranyl Acetate in the Rabbit. The typical 
response of urine flow to intravenous injection of uranyl acetate was an immediate 
increase followed by a slow decrease. The urine rate fell from its peak more rapidly 
with high doses than with small ones. The upper curve of figure la, in which the 
urine rate at 2 hours 10 minutes after the injection (expressed in percentage of the 
control rate) is plotted against the dose of uranyl acetate, shows that the maximal 
increase in urine flow is produced by a dose of about 0.5 mg/kg. of the uranium salt. 

For comparison with our curve there is drawn on this figure a graph derived 
from data of Watanabe, Oliver and Addis (15) showing the effects of various doses of 
uranyl acetate upon the secretion of urine 72 hours after administration of the salt. 
These two graphs show that the dose of uranyl acetate which produced the maximal 
acceleration of urine flow in our short-time experiments also produced some accelera- 
tion of urine rate 72 hours after the injection. Doses of the uranyl salt greater than 
I mg/kg. produced some increase in urine flow 2.17 hours after the injection, but 
jiroduccd oliguria or anuria within three days. 

The acute effects (2,17 hours after the injection) of intravenous injections of 
uranyl acetate upon renal clearances are sho%vn in figures ib, ic and id. The only 
dearly significant change showm here v/as a decrease in the diodrast clearance. 

The decreased clearance of diodrast could be the result of decreased blood flow 
through the kidney but this is believed not to be the case. Unpublished work of D. 
L. .Adler in this laboratoiy^ has shov.’n that intravenous injection of uranyl acetate 
does not decrease blood flow through the frog glomerulus. Direct measurements of 
blood flow through the mammalian kidney (12, 16) have shown also that injection of 
uranyl salts does not decrease the circulation through the kidney. This leaves as 
the alternative explanation for the decrease in diodrast clearance after injection of 
uranyl acetate some interference with the secretory ability of the tubular epithelium. 

Figure 1C shows that there w.os no immediate diminution in chloride reabsorp- 
tion although there was in diodrast secretion. These findings suggest that the uranyl 
salt interferred with the function of the proximal convolution of the nephron. 

Subacute Effects of Inhalation of Uranyl Fluoride by the Rabbit. Figure 2 shov.'s 
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the -results of renal function studies on rabbits exposed to atmospheres of various 
concentrations of uranyl fluoride dust for different periods of time. Each point 
represents a different animal, so that the large peaks in the uppermost curves of 
figures 2b and 2c probably have no significance. 

Figure 2 demonstrates that the clearance of chloride was not affected by any 
of the dust concentrations used although the clearances of diodrast and inulin were 
reduced definitely by the largest one. The latter two clearances may have been 
reduced by the intermediate concentration of dust. The lowered clearance of inulin 
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Fig I Immediate (2 lirs., 10 min.) effects of intravekods doses of uranyl acetate upon 
the rate of urinary excretion and upon renal function. Each point represents an average of one 
determination on each of 3 rabbits. 


during the dust exposure, particularly marked at the 2.78 mg/M® level, does not 
mean necessarily that there was a decreased rate of filtration through the glomerulus 
(12). It may mean, rather, that the tubular epithelium had been so altered by the 
action of the uranium as to be permeable to substances which ordinarily are unable 
to pass from the tubular lumen into the peritubular capillaries. 

When tubular function in these three inhalation experiments was assessed by 
equations j and 4, the curves of figures 2d and 2e were obtained. These graphs show 
that chloride reabsorption was unaffected except b}’’ the highest dust concentration 
although there appears to have been some effect on diodrast secretion by all dust 
concentrations. The decrease in diodrast secretion appears to have been lesser in 
magnitude and later in appearance with the smaller concentrations of uranyl fluo- 
ride dust. 
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It is evident from figure 2 that renal frmction goes through a minimum during 
continued exposure to atmospheres containing uranyl jfiuoride. In nonfatal ex- 
posures the maximal effect is produced early in the exposure and is followed by partial 
recovery of renal function. The extents of effect and recovery and the time courses 
of these actions vary with the function studied. Thus, it is evident from figures 2d 
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Fig. 2. Effects upon kenal function of exposures to atmospheres containing various con- 
centrations of uranyl fluoride dust for different lengths of time. Each point represents the mean 
of two successive determinations upon a single rabbit. 



HOURS OF EXPOSURE TO Z.9 MG/M^ OF URANYL NITRATE 


Fig, 3. Effect upon renal function of dog 6 p^ of exposures to an atmosphere containing 
2.9 mg/M’ of a dust of uranyl nitrate. Each point represents the mean of 4 successive 
determinations. 


and 20 that the secretion of diodrast was affected more markedly than the reabsorption 
of chloride and that the maximal effect on diodrast secretion occurred earlier and per- 
sisted longer than that on chloride rcabsorption. This temporal difference between 
the minima in chloride rcabsorption and diodrast secretion may mean that these two 
processes occur by tliffcrent mechanisms in the tubule. 

Subacute Ejects of Inhalation of Uranyl Nitrate by the Dog. Three dogs were 
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exposed to an atmospliere containing an average of 0.3 mg/M® of uranyl nitrate dust 
and 2 to one containing an average of 2.9 mg/M®. The animals were placed in the 
dusty atmospheres for about six hours a day, the rest of their time being spent in 
normal room air. 

Figure 3 shows the results on one of the dogs exposed to the high level of dust. 
It is obvious that in the dog exposed to uranyl nitrate the effects of the exposure are 
the same qualitatively as in the rabbit exposed to uranyl fluoride. Again it is ap- 
parent that the secretion of diodrast is affected more than the reabsorption of chloride 
and that the clearance of diodrast is the only clearance reduced appreciably by the 
exposure. 

Because the secretion of diodrast appears to be the most sensitive of the measures 
used here, table 4 summarizes the effects of the two levels of exposure to uranyl 
nitrate upon fu of the dog. It can be seen that the low level of exposure probably 
had no significant effect on the ability of the tubules to transport diodrast. The high 
level of exposure, however, had a definite effect in decreasing the ability of the tubule 
to secrete diodrast. 


Table 4. Effect of inhalation of tjeanyl nitrate duSt upon the secretion of 

DIODRAST BY THE TUBULE OF THE DOG 


DUST LEVEL 

DOG NO. 

) fp (foond/expecied X 100 ) 

1 

HRS. OF EXPOSITEE 
FOR inNIMAL fjj 

Av. Pre-Exposure 

Min. during Exposure 

0.3 mg./M® 

S 7 S 

95 

76.8 

36 and 468 

0.3 mg./M* 

636 

99 

83.2 

258 

0.3 mg./M^ 

666 

lOI 

81.0 

468 

2.9 mg./M* 

656 

71 

-25.3 

48 

2.9 mg./M® 

69s 

1 

[ 134 

[ 47.9 

36 


DISCUSSION 

Our findings about renal function in the normal dog and rabbit agree in general 
with those already in the literature. Our results differ from the literature in the 
previously discussed finding that inulm clearance in the dog might be correlated with 
urine rate while in the rabbit it was not. This reversal of the classical situation may 
depend on our experimental conditions but we are unable to identify the responsible 
■factor. 

All of the experiments reported here indicate that the effect of uranyl salts on re- 
nal function is the result of interference with the structural and functional integrity of 
the proximal convolution of the tubules. The fact that reabsorption of chloride is 
affected only moderately as compared with the secretion of diodrast suggests that 
the action of uranium is restricted to the proximal convolution rather than affecting 
both convolutions of the nephron. The microdissection studies of Oliver (17) have 
localized the histological uranium action in the latter part of the proximal segment. 

The negative values of f© obtained in some rabbits (fig. 2e) and dogs (dog 656, 
table 4) indicate that not only has the ability of the tubule to secrete diodrast been 
removed completely, but also the normal barrier to diffusion of filtered diodrast from 
the tubular lumen has been broached in part. Comparison of figures 2c and 2e 
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shows that the only rabbits showing a decreased inulin clearance were the ones with 
markedly decreased ability to secrete diodrast. This correlation indicates that 
uranium brought about an increased permeability of the tubular epithelium since it 
has been pointed out already that probably the blood flow to the kidney, and conse- 
quently the filtration, does not change. 

CONCLUSION'S 

1. In the kidney of the normal dog and rabbit the clearance of chloride and the 
reabsorption of chloride by the tubule are functions of the urine rate; the value of 
the chloride clearance increases with urine rate and the fractional reabsorption of 
chloride decreases slightly. The ability of the kidney of the normal dog and rabbit 
to clear diodrast from the blood by secretion is not a function of urine rate. Under 
the conditions of our experiments the inulin clearance appears to be a function of 
urine rate in the dog but not in the rabbit. Uranyl salts affect the function of the 
proximal convolution, this effect leading to decreased reabsorption of chloride, 
decreased secretion of diodrast and probably to increased permeability of the tubular 
membrane to water and dissolved substances. 

ADDENTOUJI 

Since the completion of this work in June 1946, Lotspeich, Swan and Pitts (18) 
have studied the renal tubular reabsorption of chloride. They found that in the 
dog the rate of tubular reabsorption of chloride is a direct, linear function of the rate 
of glomerular filtration. Their line had a slope of nearly one, agreeing thereby with 
our findings that the fractional reabsorption of chloride decreases only slightly with 
increasing urine flow. This slight decrease is significant, however, for both dog .and 
rjibbit. 
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UNILATERAL ADRENALECTOMY, UNILATERAL SPLANCH- 
NIC NERVE RESECTION AND HOMOLATERAL 
RENAL FUNCTION^ 

JOSEPH P. KRISS, PALMER H. FUTCHER, and MELVIN L. GOLDMAN^ 
From the Department of Internal Medicine, Washington University School of Medicine 

ST. LOUIS, MISSOURI 

I N 1914 Cow (1) reported the anatomical and physiological demonstration of a 
vascular connection between the adrenal gland and the homolateral renal 
capsule of the cat. It was postulated that via this communication adrenalin 
could reach the kidney without first passing through the general circulation. Re- 
moval of one adrenal gland resulted in markedly increased production of urine by 
the kidney on the side operated upon compared with the urine flow on the unoperated 
side. The blood flow in the kidney homolateral to the Excised adrenal was not found 
increased in proportion to the flow of urine. Cow explained the effects observed as 
due to the failure of adrenalin to reach the homolateral kidney via the direct adrenal- 
renal circulation. Marshall and Rolls (2) subsequently observed in dogs an in- 
creased excretion of water, chloride and urea by the kidney on the side on which ad- 
renalectomy had been performed, but the simultaneous homolateral excretion of 
creatinine, phenolsulphonephthalein and lactose was approximately the same or 
only slightly increased as compared to the normal side. Because similar results 
■were obtained by unilateral section of the splanchnic nerve and by section of the 
renal nerves, Marshall and Rolls concluded that unilateral removal of the adrenal 
gland affects the kidney on the same side only in so far as nerves associated with the 
bidney are injured. 

Most evidence (3) favors the concept that the renal nerves have no direct in- 
fluence on renal tubular reabsorptive or excretory functions. Therefore, it may be 
presumed that if, as suggested by Marshall and Rolls, injury to the renal nerves is 
responsible for the effects of adrenalectomy upon excretion of water and solids 
described above, these effects occur in association with the increased rate of renal 
Hood flow which denervation of the kidney occasions in the anesthetized animal 
(4-6). However, the metliods available to Marshall and Rolls afforded little evi- 
dence of a consistently increased rate of blood flow or glomerular filtration as a 
result of unilateral adrenalectomy. The creatinme clearance has been shoivn to be 
a valid measure of glomerular filtration rate in the dog (6, 7) and the phenolsul- 
phonephthalein clearance is roughly correlated with the renal blood flow (6, 8). 
Thus, the failure of a markedly increased excretion of creatinine or phenolsulphone- 
phthalein to accompany consistently the unilateral diuresis of water and chloride 
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observed in the unilaterally adrenalectomized dog (2) suggests that the diuresis ob- 
served by Marshall and Kolls was not dependent on differences in glomerular filira- 
tion rate or renal blood flow. Cow’s anatomical and physiological findings, and the 
subsequent demonstration (9, 10) of the marked influence of the adrenal glands upon 
the excretion of sodium chloride and water by the kidneys, seem to justify reexamina- 
tion of Marshall’s and KoU’s contention that the adrenal gland does not influence 
specifically the function of the homolateral kidney. Renal clearance techniques 
afford the opportunity to investigate more thoroughly the effect of unilateral ad- 
renalectomy upon the hemod3rnamics of each kidney simultaneously and to correlate 
observed changes with the urinary excretion of water and chloride. 

METHODS 

Mongrel dogs maintained on a diet of Friskies Dog Food Cubes (Purina) and occasional feedings 
of horse meat were used in all experiments. 

Operative procedures. Intravenous nembutal (.029 gm/kg. body weight) was the anesthetic 
agent emploj'ed during all operations and clearance determinations. Using sterile operative tech- 
nique, the left adrenal gland was exposed retroperitoneally. The large lumbar vein, which regularly 
crosses the anterior surface of the adrenal gland to be joined medially by the main adrenal vein, was 
ligated on both sides of the gland and the adrenal was dissected away from adjacent sympathetic 
nerves as carefully as possible. Injury to these nerves during dissection seemed inevitable. 

Supradiaphragmatic splanchnic section or sympathectomy were performed while intermittent 
positive pressure was administered by intratracheal catheter. In performing the supradiaphragmatic 
neurectomies, 2 to 5 cm. of splanchnic nerve (‘splanchnic resection’) and usually of sympathetic chain 
(‘sympathectomy’) were removed just above the site of passage of these structures through the dia- 
phragm. The splanchnic nerve almost always presented itself as a single cord; greater and lesser 
subdivisions were usually not identified. 

Except in the ‘acute’ experiments, renal clearances were usually measured at least two weeks 
after the last adrenal or splanchnic operation. Each ureter was approached retroperitoneally, 
severed, and a no. 6 French ureteral catheter securely tied in. The position of the catheter was 
adjusted carefully throughout the remainder of the experiment to prevent obstruction of urine flow 
due to angulation of the ureter. 

Technique oj renal clearance measurement. Renal clearances were measured with the animal 
anesthetized with nembutal, in the supine position. The infusion mixtures usually consisted of a) 
a ‘priming’ solution of 15 cc. of 25 per cent mannitol solution and 0.5 cc. of 20 per cent sodium para- 
aminohippuratc (‘PAH’) solution and b) a ‘sustaining’ solution of 1.6 per cent mannitol and 0.12 per 
cent P.AH in 0.9 per cent aqueous solution of NaCl. The latter solution was administered by con- 
tinuous intravenous drip at a rate of 3 to 4 cc. per minute. Urine was collected directly from the 
ureteral catheters into small volumetric flasks. Clearance periods were usually 30 minutes long. 
An infusion of loo to 300 cc. of o.g per cent saline solution was always given before starting Uic clear- 
ances in order to establish a good urine flow. 

In some experiments it was thought desirable to increase the urine flow or the urinary chloritlc 
concentration in the later clearance periods. For these purposes, 100 cc. of 2 per cent or s per cent 
NaCl was administered in place of the usual sustaining mixture at a rate about double that employed 
for the sustaining mixture, .and the concentrations of mannitol and P.\H in the hyircrtonic solutions 
were accordingly reduced. .-Vctcrial blood samples were collected cither from the femoral artery or 
from the heart at appro.timalcly the mid-points of the clearance periods. Tire aspirating syringe and 
the test lube receiving the blood each contained two drops of one per cent heparin solution. In later 
experiments (dot; 14 and after) the blood was collected under oil and iced until centrifugation. Cen- 
trifugation of the bloorl and sejtaralion of the phasma were performed usually within an hour after 
bleeding. 

In thtvic clearance experiments in which epinephrine was administered, the anim.al received 10 
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to 14 gamma oi the LydrocWoride per minute. Where pituitary adrenocorticotropic hormone^ was 
administered, an aqueous solution containing 20 mg. was given intravenously over the course of one 
minute. 

Post-mortem examination was performed in all animals in order to verify the presence or ab- 
sence of adrenal tissue, the interruption of nerve tracts and the presence of grossly normal kidneys 
bilaterally. 

The calculations of the renal clearances of mannitol and PAH were determined according to the 
method of Moller, McIntosh and Van Slykc (ii), except that plasma rather than whole blood was 
used. Therefore, the term 'clearance* refers to plasma clearance. 

Analytical techniques. Mannitol was measured by the periodate- thiosxdfate titration technique 
of Smith et al. (12). Cadmium sulfate was used to precipitate protein from plasma and urine, as 
recommended b}' Goldring and Chasis (13). Among factors which were considered in performing 
the plasma and urine blanks were nonfermen table reducing substances contributed by the plasma and 
urine, or ‘Factor i’, reducing substances contributed bj' the yeast suspension,^ or ‘Factor 2’, and ad- 
sorption or destruction of mannitol by the yeast suspension, or ‘Factor 3’. In performing the plasma 
blank during determinations of the mannitol clearance for dogs 1-7 Factors 1 and 2 were compensated 
for. For dogs 8-23 a blank was employed which compensated for only Factor i. All three factors 
were taken into consideration for dogs 24-2S. As regards the urine mannitol blank, no blank was 
applied until the experiment on dog 22 at which time there was introduced a blank compensating for 
Factors 2 and 3. A urine blank compensating for all three factors was employed only for dog 26. 
Details of the method employed for calculation of the blank will be presented in a separate report (14) . 

These variations in technique influenced the calculated values for the renal clearances to a signif- 
icant degree. However, the effects of variation in the analytical methods, applying equally as they 
do to the observations made on both kidneys, are not likely to invalidate conclusions based on com- 
parisons of the simultaneous functions of the right and left kidney. 

Para-aminohippurate was measured as recommended by Smith el al. (15). The plasma blank 
was determined after addition of a known quantity of PAH to a protein-free filtrate. The urine 
PAH blank was found to be insignificant in one dog and was not corrected for in any experiment. 

The chloride content of plasma was determined as described by Van Slyke (16); that of urine 
Was measured by the Volhard- Arnold technique (17). 

RESULTS 

In general, in this paper reference to an ‘increase* in excretion of any urinary 
constituent refers to a greater output of that constituent on the side in question as 
compared to the contralateral side. Thus, the term ‘increase’ does not necessarily 
refer to an absolute increase. Data on a representative experiment from each of 
the groups described below are presented in table i. Average values of excretory 
rate ratios for all the satisfactory experunents in the various groups are shown in 
table 2; data obtained following the injection of epinephrine or adrenocorticotropic 
hormone are excluded from this table. 

Controls. The results of studies in 6 control dogs are shoviTi in table 2, the only 
operation performed being the insertion of the ureteral catheters. In these animals 
the ratio of the excretion rate of each of the substances for the left kidney to the 
rate for the right kidney usually approximated unity. Data on an additional control 
dog were excluded because of the presence of ureteral obstruction, since this factor 

^ Donated b}’’ Armour & Co., Chicago, 111 . This preparation, lot 37-KE, contained 0.0025 U.S.P, 
units of the oxytoxic factor and 0.005 units of the pressor factor of the posterior pituitary gland per 
Milligram. 

^ Starch-free baker’s yeast donated by Anheuser-Busch, Inc., St. Louis, Mo. 
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' Tabus 1. Effect of varioos operative procedttres upon sniuLTANEOtrs excretory rates 

FOR EACH KIDNEY — REPRESENTATIVE EXPERIMENTS 
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causes a diminished output of urine and chloride (19, 20) as well as a decreased rate 
of glomerular filtration (21). 

Unilateral adrenalectomy — chro7iic. In 3 out of 4 dogs, removal of the adrenal 
gland resulted in a markedly greater excretion of water and chloride and a slightly 
but consistently greater excretion of mannitol and PAH by the homolateral kidney 
as compared ivith tlie control kidney (e.g., dog 3, table i). In the mannitol excretion 
ratios of 2 animals there were intermittently observed deviations from imity which 
were not in excess of the deviations observed in the control animals (compare dogs 
3 and 6, table i); however, these variations in the adrenalectomized animals were 
accompanied by deviations in the excretion of water and chloride which were more 
striking than those in the control group. In the one animal {dog 22) responding 
atjqDically, no appreciable increase was demonstrated in any of the urinary constitu- 


Table 2. Influence of various operative procedures upon averages of excretory rate 

RATIOS FOR VARIOUS SUBSTANCES 




NO. 

EXCEETOEV RATE, LT. KIDNEY 

OPERATION 

NO. 

ANUIAIS 

PERIODS 
OF OB- 

EXCRETORY RATE, ET. KIDNEY 


SERV. 

Mannitol 

PAH 

Water 

Chloride 

Control 

6 

14 

I .00 

I. 00 

1.02 

1.06 

Lt. adrenalectomy 

5 

22 

1 .06 

1.08 

1.67 

2.20^ 

Lt. splanchnic resection- 

Bilateral splanchnic resection; left ad- 

3 

14 

1. 18 

1. 19 

3-05 

S -47 

renalectomy® 

4 

II 

I .oA 

1 .01^ 

0.971 

O.99I 


^ Statistical analysis by a method applicable to small samples (18) indicates that the differences 
between these values and the control values are not statistically significant (‘t’ less than 2.5). 

‘ The left sympathetic chain was also sectioned in 2 animals in this group. 

* The sympathetic chain was also sectioned bilaterally in 3 animals in this group. 

ents; in the discussion below the explanation will be suggested that a minimum of 
damage was caused to the sympathetic nerves of this animal during adrenalectomy. 
Data on 3 other animals in this group were excluded from table 2 because of the 
presence of ureteral obstruction, severe emaciation, and chronic mfection, respec- 
tively. 

Unilateral adrenalectomy — acute. The effects of unilateral adrenalectomy were 
evaluated in one animal by comparing the clearances on the two sides immediately 
before and after excision of the gland {dog i 5 j table i). The increased excretion of 
water and chloride on the homolateral side immediately following the operation was 
striking. As in the case of dog 3 (table i) and dog 4 (unilateral adrenalectomy), 
these changes were accompanied by only a relatively small increase in manmtol 
clearance. A summary of data on the 3 animals which had undergone unilateral 
adrenalectomy is presented in table 2. 

Unilateral splanchnic nerve resection — chronic. Since it was known that resec- 
tion of the splanchnic nerves resembles adrenalectomy in that it also results in an 
increased output of chloride and water by the homolateral kidney in the anesthetized 
animal (2, 6, 22), it was desirable to compare the effects of supradiaphragmatic 


234 


KRISS, FUTCHER AND GOLDMAN 


' Volume IS4 


splanchnic resection with those of adrenalectomy, especially with regard to the clear- 
ance of mannitol and PAH. In 2 dogs resection of the splanchnic nerve and the 
sympathetic chain resulted in a greater diuresis of chloride and water than was pro- 
duced by adrenalectomy (e.g. dog 8, table i). 

Unilateral splanchnic nerve resection — acute. In a single acute experiment (dog 
13, table i) in which preliminary control clearances were performed, the markedly 
increased output of chloride and water immediately after splanchnic resection was 
striking', a moderate increase in PAH and mannitol excretion was also observed. 
These findings indicate that the acute and chronic effects of unilateral splanchnic 
resection are similar. Maintenance of the integrity of the sympathetic trunk in the 
acute experiment did not quahtatively modify the response noted in the chronic 
experiment (dog d, table i). The data on the 5 animals which underwent unilateral 
splanchnic resection are summarized in table 2. 

Bilateral splanchnic resection and unilateral adrenalectomy. It soon became ap- 
parent that the results following unilateral adrenalectomy were similar to those 
following unilateral splanchnic resection. Three explanations for the effect of 
adrenalectomy therefore seemed possible; 1) unavoidable injury to ner\'es, 2) in- 
terruption of flow of adrenal hormones to the kidney or 3) a combination of these two 
mechanisms. In order to distinguish a primary adrenal influence from a nervous 
influence, a comparable nerve lesion was produced on both sides by a bilateral supra- 
diaphragmatic splanchnicectomy; in addition, unilateral left adrenalectomy was 
performed. After bilateral transection of the splanchnic nerves, any effect observed 
following unilateral adrenalectomy would probably be due to removal of adrenal 
hormones from the blood supply to the homolateral kidney. The results of experi- 
ments on 4 animals made it apparent that adrenalectomy did not cause a homolateral 
increase in excretion of chloride and water after splanchnicectomy (table 2, and 
dog 26, table i). No consistent correlation between the mannitol excretion ratios 
and the urine or chloride excretion ratios was observed. 

However, there still remained the possibility that the remaining intact, but 
denervated right adrenal gland in these animals was incapable of discharging epine- 
phrine (25), a substance known to augment the output of adrenal corticosteroids 
(24, 2 5) by stimulating the anterior pituitary to produce adrenocorticotropic hormone 
(26). Hence, this denervated adrenal may not have produced amounts of cortical 
hormone sufficient to influence homolatcral renal function via the hypothetical direct 
adrenal-renal vascular channel. In order to ensure adequate stimulation of the 
remaining adrenal, pituitary adrenocorticotropic hormone was administered intra- 
venously to 2 of the 4 animals already referred to as having undergone bilateral 
sympathectomy and unilateral adrenalectomy. The results in these 2 animals (e.g. 
dog 26, table i) indicated that adrenocorticotropic hormone exerted no immediate 
differential effect upon the function of the two kidneys. Evidence of one aspect 
of the liormonc’s biological activity was provided in both animals by the observed 
incre.ase in the ratio of the excretion of uric acid to that of creatinine, as described 
by Forsham d at. (27). Epinephrine was administered to the 2 other dogs, in part 
for the puq>ose of stimulating the adrenal cortex indirectly, \da the pituitar)' (26)! 
this drug aho failed to exert a differcnlhi! effect upon the function of the two kidneys. 
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Table 3. Effect of various operative procedures upon relative water and chloride 

• REABSORPTION RAXES FOR EACH KIDNEY — REPRESENTATIVE EXPERIMENTS 
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tu 

Rt. 

Rt. 
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Dog 6 

Control 

I 

114.7 

24.0 

23-8 

35-4 

38.3 




2 

125-9 

12.6 

13.0 

n.2 

II. 9 

5% NaCl 



3 

124-5 

10.7 

II. I 

8.78 

9.10 


Dogs 

Lt. adrenalectomy, 

I 

III .7 

19.0 

14. 1 

31-1 

19. 1 



chronic 

2 

112. 1 

30-2 

16.7 

44-4 

17. 1 




3 

122.2 

24-4 

14-7 

23-2 

12. 1 

5% NaCl 



4 

129.8 

17.2 

12. 1 

12.8 

8.84 




5 

129.3 

17.0 

14.6 

II. 9 

10.2 


Dog 15 

Lt. adrenalectomy, 

I 

112.S 

41.9 

40.4 

32.5 

33-1 



acute 

2 

113.1 

44-8 

46.4 

37-0 

42.9 

Lt. adrenalectomy 


i 

[ 







performed be- 
tween periods 2 

& 3 



3 

ggg 

55-2 

04 

bo 

120. 

46.6 




4 

IBH 

47.6 

29-9 

75-7 

34-7 




s 

123.4 

45-1 j 

26.6 

50-4 

24.8 

2% NaCl 



6 

130.7 

21.9 

15-7 

18.4 

12.8 

5% NaCl 

Dog 8 

Lt. splanchnic re- 

I 

112.7 

49-1 

16.3 

70.9 

II-S 



section, chronic 

2 

III. 9 

79.6 

18.5 

iC >5 

12.5 




3 

113-2 

48.8 

22.5 

47-4 

IS-I 

2% NaCl 


1 

1 ^ 

1 113-8 

59-8 

28.9 

, 77-5 

1 21.6 




S 

114.9 

4 S-I 

29.4 

40.9 

21.3 

Epinephrine 

Dog IS 

Lt. splanchnic re- 

I 

113-3 

35-0 

34-9 

61 .4 

50.2 



section, acute 

2 

114-S 

32.3 

31-I 

39-7 

33-9 










Lt. splanchnic re- 









section per- 

formed between 
periods 2 & 3 



3 

116.5 

41-3 

14-7 

72.8 

II . 2 




4 

124-4 

21.5 

7-90 

22.3 

6.21 

2% NaCl 



5 

140.2 

12.4 

5.22 

n.2 

4-14 

5% NaCl 



6 

137-7 

15-6 

5-24 

14-3 

4.06 


Dog ig 

Bilateral splanchnic 

I 

no. I 

17-7 

17.0 

16. 1 

15.2 



resection, It. ad- 

2 

109.7 

20.9 

19. 1 

18.8 

17. 1 



renalectomy 

3 

no. 7 

21.6 

21.4 

19.4 

19-S 

Epinephrine 


4 

108.6 

26.6 

26.9 

28.7 

27-5 



5 

109.4 

18.4 

17.3 

17.0 

16.4 

Epinephrine 


* ‘Chloride reabsorption ratio’. 
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Other effects of epinephrine. Epinephrine administered intravenously with the 
clearance solutions to dog 14 (left adrenalectomy) tended to equalize the mannitol 
and PAH clearances in the two kidneys and abolish the marked disproportion in 
chloride and water excretion. A quantitatively smaller, but similar effect was seen 
in dog 8 (left splanchnic resection, transection of sympathetic chain, table i). How- 
ever in 3 dogs (18, ig and 22) in which there was no initial inequality in kidney func- 
tion as regards the two sides despite left adrenalectomy wdth or without bilateral 
splanchnicectomy, epinephrine had little or no effect on the relative rates of excretion. 

Tiibidar reabsorption of chloride and water. Our data permitted a calculation 
of the amount of chloride and water reabsorbed from the glomerular filtrate during 
each clearance period. On the assumption that mannitol is not absorbed from the 

, , , , , , . urine mannitol concentration , , . , 1 

tubules, we have employed the ratio : — , also designatea 

plasma mannitol concentration 


Table 4. Effect of various operative procedures upon the averages of relative water 

AND CHLORIDE REABSORPTION RATES FOR EACH KIDNEY 


i 

1 

OPEKATIOK i 

KO. 

animals' 

NO. 

PERIODS 

itANNITOL V/V 

itAKNiToi. n/r 

cmoTtiDE v/r 


SERV. i 

i 

Rt. 

Lt. 

Rt. 

Lt. 

Control 

B 

X 4 

24.0 

23.8 

28.2 


Lt. adrenalectomy 

B 

20 

26.6 

17.4 

36-9 


Lt. splanchnic resection 

Bilateral splanchnic resection; left ad- 

■ 

15 

35-2 

14.9 

53-9 

1 


renalcctomy 

B 

n 

24.7 

25.6 

21.0 

20. S 


‘Mannitol U/P’, to represent the degree to which the glomerular filtrate is concen- 
trated by the reabsorption of water. 

Any substance which is partially reabsorbed (such as chloride, abbreviated ‘Cl’) 
is characterized by a U/P ratio less than the simultaneous mannitol U/P> the dis- 
crepancy being dependent on the amount reabsorbed. Hence, the man U/P ratio 

Cl U/P 

is always greater than 1.0; the higher the ratio man U/P (hereinafter termed ‘chloride 

'cTo/f' 

rcabsorption ratio’), the greater the degree of rcabsorption of chloride by the tubules. 
The values for this ratio determined simultaneously for the two kidneys in the same 
dog are shown in table 3*, representative animals are chosen from experiments de- 
scribed above. The mannitol U/P ratios, indicative of the degree of water reabsorp- 
tion, arc shown for the same animals. In a control dog 6, and in the control periods 
of the acute e.Yperimcnts {dogs rj and /y) both ratios on the two sides are nearly 
equal. They are also nearly equal in the bilaterally splanchniccctomizcd dog (dog iq) 
with one adrenal removed. In contrast, following cither unilateral adrenalectomy 
or unilateral splanchnicectomy, the homolatcral kidney invariably shows a lower 
chloride rcabsorption ratio and ma.nnitol U/P ratio than the control; this indicates 
a lesser degree of rcabsorption of cliloridc and w'aler in the homolateral kidney. Av- 
erage values of the same ratios for all animals in the various groups studied arc showm 
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in table 4; periods in which ureteral obstruction existed 
are omitted. 


or drugs were administered 


DISCUSSION 

Explanation of increased excretion of water and chloride. From the observed 
values for urme volume and chloride content, serum chloride and mannitol clearance 
It may be calculated that in 3 dogs (period 3, dog 3, table i) ; periods 2, 3 and 4, dog 4 
(chronic unilateral adrenalectomy) ; and periods 4, 5 and 6, dog 13 (table i) the smaU 
mcrements m volume of glomerular filtrate observed after unilateral adrenalectomy 
or splanchnicectomy contributed water and/or chloride in amounts less than the 
e^ra amounts excreted. During all but two of these periods hypertonic solution 
of NaCl was administered. In the majority of periods of observation, the relative 
increment in glomerular filtrate observed to follow certain of the operative procedures 
provided amounts of chloride and water in excess of the extra amounts excreted by 
the homolateral kidney. However, this excess was not of great magnitude so that 
It was usually necessary to assume that an uncommonly large proportion of the 'extra’ 
water and chloride filtered appeared in the urine with little reabsorption taking place 
in the tubules. That there is a relatively decreased tubular reabsorption of water 
and chloride following our operative procedures is also apparent from the decreased 
mannitol U/P and chloride reabsorption ratios presented in tables 3 and 4. 

It is possible to interpret these findings as indicating that certain of our operative 
procedures had the specific effect of diminishing tubular reabsorption of chloride and 
water by direct action on the tubules. An alternative explanation is the possibility 
that the phenomenon is a consequence of the relatively increased glomerular filtration 
rate simultaneously observed. We have no information permitting a definite de- 
cision in this regard. In our own data we have noted no consistent relationship 
between small spontaneous changes in mannitol clearance in one kidney and the cal- 
culated chloride reabsorption ratio (table 3); However, in two experiments the rela- 
tively increased excretion of water and chloride in unilaterally adrenalectomized or 
splanchnicectomized dogs was reduced by the injection of epinephrine (e.g. dog 8, 
tables I and 3). The fact that the mannitol clearance in the homolateral kidney fell 
concomitantly suggested that the filtration rate and the degree of reabsorption of 
water and chloride were related. 

On the other hand, certain other obser\’’ations suggest that our operative pro- 
cedures may have altered renal function by means other than increasing glomerular 
filtration rate. It was apparent that in the vitact, anesthetized dog, the excretion 
of water and chloride usually was approximately proportional to the filtration rate; 
I'C., if the rate of filtration in the right kidney exceeded that in the left kidney by 
5 per cent, the excretion of chloride and water by the right kidney exceeded that by 
the left to very roughly the same degree. How'ever, in the unilaterally adrenalec- 
tomized or splanchnicectomized dog, the excretion of chloride and water was less 
closely proportional to the filtration rate; in these animals, an increase of 5 per cent 
m filtration rate in one kidney was occasionally accompanied by a relative increase 
HI water and chloride excretion of 100 to 200 per cent (table i). 

The few observ^ations on the effect of epinephrine in tending to equalize the 
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excretory activity of the two kidneys lend some support to the postulated specific 
influence of hormones from one adrenal gland upon the homolateral kidney. Uni- 
lateral adrenalectomy could produce its effects by abolishing the source of epinephrine, 
and unilateral splanchnicectomy could operate by interfering with liberation of epi- 
nephrine from the adrenal gland into the hypothetical adrenal-renal circulation. 
The fact that unilateral splanchnicectomy produces more striking changes in homo- 
lateral renal function than does adrenalectomy is evidence against the existence of 
a direct influence of secretions of the adrenal upon the homolateral kidney. Addi- 
tional evidence was the absence of excretory changes in one animal {dog 22) following 
unilateral adrenalectomy. 

Mechanisms producing increase in renal blood flow andfiliratio}i rate. Ej^erimen- 
tal interference with the transport of epinephrine to one kidney might be expected to 
result in vasodilatation in that organ and explain the observed increase in clearance 
of PAH and mannitol. It is more likely that any relative increase in renal blood 
flow in our experiments resulting either from adrenalectomy or splanchnicectomy 
was due to injury to the renal nerves rather than to interruption of any direct adrenal- 
renal vascular channel. The fact that the effects on the mannitol and PAH clearance 
following adrenalectomy were quantitatively less than those following splanchnic re- 
section probably is an indication that adrenalectomy does not cause as extensive 
an interruption of nerve tracts leading to the kidney as does the latter operation. 
We interpret our failure to observe changes in excretion in dog 22 (left adrenalectomy) 
as an indication that in this single instance we were able to remove the animal’s 
left adrenal without injuring the renal vasomotor nerves. This experiment thus 
constitutes evidence that absence of one adrenal does not in itself influence homo- 
lateral excretion of chloride, water, mannitol, and PAH. Further proof is derived 
from the exT^eriments on bilaterally splanchnicectomized animals; unilateral ad- 
renalectomy performed on such animals did not result in a homolateral increase in 
renal clearances and chloride and water excretion even when the remaining intact 
adrenal was stimulated by adrenocorticotropic hormone (table i). Presumably, the 
adrenalectomy did not injure more renal vasomotor nerves than had already 
been sectioned during splanchnicectomy. 

Analysis of our data affords no conclusion as to the anatomical location of the 
vascular readjustments which must necessarily have taken place to cause the increase 
in renal blood flow and glomerular filtration rate subsequent to unilateral adrenalec- 
tomy or splanchnicectomy. There was obserx'^ed no consistent change in filtration 
fraction and, hence, definite exndcnce of changed glomerular arteriolar tone is lack- 
ing. 

Afannilol clearance as an index of glomerular flllralion rate. Recently some doubt 
has been expressed that the mannitol clearance is a true measure of the glomerular 
filtration rale (7) in the dog. The mannitol clearance in this animal is reported 
to be lov.er than either the simultaneous inulin or creatinine clearance. Other work- 
ers (28, 29) using dissimilar methods for the analysis of mannitol, reported that in 
hum.an beings the ratio of the mannitol clearance to that of inulin approximates 0,9, 
If tubular rcabsoijAion of mannitol does occur, all calculations of glomerular filtration 
rate I'ejKnilcnl on the x'aluc of the mannitol clearance are clearly in error to some 
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extent. For- instance, a calculation of filtered chloride might be falsely low by as 
much as 10 per cent. However, in the analysis of our experiments, any error in the 
calculated filtration rate in one kidney will be largely compensated for by an error 
of the same magnitude on the opposite side. 

SUMMARY AND CONCLUSIONS 

1) The simultaneous renal excretions of chloride, water, mannitol and para- 
aminohippurate have been determined for each kidney in anesthetized dogs under 
the following conditions: a) control, h) after unilateral adrenalectomy, c) after uni- 
lateral splanchnicectomy and d) after bilateral splanchnicectom}'- and unilateral 
adrenalectomy. 

2) Unilateral adrenalectomy in the dog usually results in markedly greater ex- 
cretion of chloride and water by the homolateral kidney as compared to the control 
kidney. The excretion of mannitol and para-aminohippurate is usually slightly 
greater on the homolateral side. 

3) Unilateral splanchnic resection, with or without concomitant partial S3Tn- 
pathectomy, produces changes which are qualitatively similar but quantitatively 
greater than those obser\'^ed after unilateral adrenalectomy. 

4) In the bilaterally splanchnicectomized dog, unilateral adrenalectomy fails to 
augment relatively the excretion of mannitol, para-aminohippurate, chloride, or water 
by the homolateral kidney, even when the remaining intact adrenal cortex is stim- 
ulated by the administration of adrenocorticotropic hormone. 

5) It is concluded that unilateral adrenalectomy specifically affected homolateral 
renal function only in so far as renal nerves were injured. 

6) Following either unilateral adrenalectomy or unilateral splanchnic resection, 
the extra chloride and water excreted by the homolateral kidney occasionally cannot 
be accoimted for by the accompanying slight increase in glomerular filtration rate. 
These two operative procedures both produce a relative decrease in the degree of 
tubular reabsorption of chloride. There is available insufficient evidence to permit 
a decision as to rvhether this decrease is due to a specific inhibition of tubular re- 
absorptive activity or to the increased rate of glomerular filtration. 

The authors are indebted to Misses E. Houghton, A. Curtin, J. Finn, and to Mrs. D. Heady 
and Mrs. H. Weil for technical assistance in performing this study. Dr. Henry A. Schroeder made 
helpful suggestions for improving the manuscript. 
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T he electrical changes attending excitation and propagation can be understood 
only if the monophasic action potential cunT is known.^ The form of this 
curve may be determined experimentally and by mathematical analysis 
(i, 2). Theory indicates that the monophasic curve may be approximated by in- 
tegrating the axial current curve (linear conductor) ; which, in turn, may be approxi- 
mated by integrating the membrane current curve (volume conductor). The latter 
curve can be predicted semiquantitatively from potential theory (3, 4) and verified 
experimentally. By performing two successive integrations on this curve, one may 
determine the monophasic curve. If the relations postulated by the local circuit 
theorj^ hold for heart muscle as well as for nerve, the calculated and the experi- 
mentally determined monophasic curves should be identical. 

In demonstrating the interconvertibility of these curves we shall present a new 
graphical method for deriving the monophasic curve from the membrane current 
curve directly. Unfortunately, for reasons to be presented in the body of the paper, 
direct application of this method is not always practicable. However, since differ- 
entiation and integration are reciprocal operations, it follows that if we can select 
the monophasic curve which yields the experimentaUy derived membrane current 

curve, we shall have accomplished our purpose. 

It is clear that such an analysis, no matter how successful, does not constitute a 
proof of our thesis, namely, that from the membrane current curve it is possible to 
determine the monophasic, and vice versa. It is necessary to demonstrate also that, 
when the form of the membrane current curve is drastically changed by controUed 
experimental procedures, the monophasic curve changes m the expected manner. 

This we shall do. 


MEMBRANE CURRENT CURVE 

Linear ventricular and auricular strips were deeply immersed Ringer’s solu- 
tion. Unipolar recording was employed m conjunction with a Cambridge A 
Electric Electrocardiograph. Non-polarizable electrodes were used; the remo e 
electrode being at least 12 cm. from the explormg electrode and presumably neg- 
ligibly aff ected by current generated by the contractmg muscle. Stimulation of one 

perimental record is only an approximation of the monophasic as thus defined. 
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end of the strip was effected by a make and break shock in rapid sequence through 
silver electrodes from a Harvard inductorium. There was no evidence of polariza- 
tion due to the stimulating current. 

Under these experimental conditions it is possible, as has been stated, to predict 
the form of the cur\'-e on the basis of potential theory. Provided potential gradients 
exist between the active region of the muscle and the resting or less active regions 
lying ahead and behind, local currents will be generated by the resting regions 
(sources) and discharge into the active region (sinks). A wave of excitation passing 
longitudinally down the muscle strip will give rise first to a diphasic deflection (posi- 
tive and negative) associated with depolarization. Then, after an isoelectric period, 
there will be a diphasic deflection in the reverse order (negative and positive) as- 
sociated with repolarization. The volume conductor curve, then, is pol3rphasic 
(fig. I, A and B). 



Fig. I. Time course of membrane 
CURRENT. A. Ventricular strip. B. 
Auricular strip. Spontaneous beats. 



Fig. 2. Curves illustrating spatial distribution of 
electrical density of auricular strip. A . Before applying mecholyl. 
B. .'Vfter applying mecholyl. 



The foregoing picture of excitation and recovery of heart muscle in a volume 
conductor has been given by Blair, Wedd and Young (5). Succinctly, their presenta- 
tion involves two dipoles oppositely oriented and of equal strength passing 
under the recording electrode. But, as Macleod (6, 7) has pointed out, the repolar- 
ization process consists of a train of dipoles rather than just one. The distri- 
bution of the electrical density of this train in time, or space, is strictly related to 
the form of the descending limb of the monophasic curve. Our problem is to find a 
method for determining the intensities of polarization of the strip. Our solution is 
not explicit. Rather, it involves tlie representation of repolarization intensities by 
{Kistulating a number of possible shapes for the descending limb of the monophasic 
curx’c. Graphical analysis of such curves yields experimentally verifiable membrane 
current curves. 

Consider a strip of heart muscle, A-B, geometrically uniform and possessing 
homogeneous electrical properties in all its elements (fig. 2A). A wave of e.xcitation 
is initiatcfl at ,1 and the potential changes arc recorded at an intermediate point, p. 
(At p is a suction electrode which may be utilized to produce monopiiasic cur\'cs when 
desired.) bet the moment under consideration be the time wlicn the wave of excita- 
tion has almost reached B. At this moment an observer at B looking backward secs 
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a contour for the total distribution of the electrical density of the strip from A to B. 
The membrane near B, not yet having been reached by the wave of excitation, bears 
the full complement of charges. Between / and B practicaUy complete depolariza- 
tion is assumed to exist. At c, however, recovery has begun and a few charges have 
been restored. Passing baclcwards to the point of stimulation, A, more and more 
charges have been restored. If the strip is long enough, 100 per cent repolarization 
will have taken place at A. We now make a fundamental assumption, namely, that 
the distribution of the charge density from / to ^ is given by the form of the descend- 
ing limb of the monophasic curve recorded m air. Then the number of charges at 
c, p, and d (unit areas equidistant from each other) is such that during repolarization 
p acts as a source relative to d, and as a sink relative to c. The overall effect at p, 
however, is that of a sink with respect to tlie remote electrode (vide infra). This 
presentation neglects effects from h and d, a and /. 

We may now plot the monophasic curve recorded in air at p on cross-section 
paper. The same curve is reproduced for point c to the left and, again, for d to the 
right of p. The horizontal distance between curves c and p, p and d, is the assumed 
conduction time from c to p, p to d, respectively. Since the wave of depolarization 
reaches c before p and p before d, the vertical distance at each instant between the 
ascending limbs of cur\’’es c and p is positive; that between p and d, negative. During 
repolarization, however, the vertical distances between the descending limbs of c and 
p become negative; those between p and d, positive. It is obvious, then, that the 
form of the membrane current curve can be approximated by determining the difference 
in length at each instant of the verticals between curves c and p, p and d, respectively^ 
taking care to interpret the sign correctly. 

The foregoing procedure may perhaps be made clearer by using a diagrammatic 
representation (fig. 3). Assuming that the repolarization process is a monotonic 
fimction, two kinds of monophasic curves are recognizable on the basis of the form 
of the descending limb. In one the descending limb is concave downwards; in the 
other, concave upwards (fig. 3, B and C, respectively). A limiting intermediate 
form is illustrated in figure 3A, in which the descending limb is a straight line. 

The simplest case is represented in figure 3A. Actually, descending limbs which 
are linear in form may appear transiently in the conversion experimentally of the 
curve of figure 3B to that of figure 3C. Polyphasic curves similar in appearance to 
the graphical resultant (fig. 3D) of figure 3A have been recorded. Such curves must 
not, however, always be conceived of as related to a monophasic curve whose descend- 
ing slope is a straight line. An alternative interpretation will be given further on. 

The monophasic curve illustrated in figure 3B has the usual configuration of 
heart muscle becoming repolarized under normal physiological circumstances, in that 
the descending limb is concave towards the time axis. The resultant membrane 
current curve (fig. 3E) has the following characteristics. The peak of the inward 
flowing current phase of the impulse is greater in magnitude than that of the outward 
flowing current density. The segment between the depolarization and repolariza- 
tion deflections is ever3rwhere slightly negative rather than^ isoelectric. This 
segment then dips into a trough whose maximum negativity is less, in absolute 
value, than the value for the crest of the succeeding wave of positivity. Assum- 
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ing that the descending limb of the monophasic curve is logarithmic (a very rough 
approximation for ventricular muscle), the time interval between the peaks of 
the diphasic deflection due to depolarization is equal to that between the peaks of 
the diphasic deflection due to repolarization. 

Finally, the monophasic curve illustrated in figure 3C is the prototype of an 
experimentally recorded curve to be discussed further on. The essential feature of 
this curve is that it has the general form characteristic of nerve becoming repolarized 
under normal physiological circumstances, in that the descending limb is convex to- 
wards the time axis. The resultant membrane current curve (fig. 3F) is triphasic. 

EFFECT OF LACK OF ELECTRICAL HOMOGENEITY OF THE MUSCLE 

The experimental membrane current curves resemble in general figure 3E, which 
is the resultant of figure 3B; compare with figure i, A and B. Variations do occur. 
Thus the maximum value for the inward flowing current phase of the impulse is not 
always just slightly greater than that for the outward flowing current density. In 
some instances it is very much greater in value; in others, much less. We are unable 

Fig. 3. Graphical construction op 

TIME COURSE OF MEMBRANE CURRENTS, D, E 
and F, from the three types of curves. A, B 
and C, postulated for the monophasic action 
potential curve. See text. Ordinates in 
arbitrary units; those in A, B and C differing 
from tliose in D, E and F. 

at present to explain this variability, though one or two obvious possibilities suggest 
themselves. 

The segment connecting the depolarization and repolarization deflections is 
usually slightly below the isoelectric line, as predicted. Marked depression can be 
shown experimentally to be associated with effects due' to nearby injured regions. 
Exaggerated elevation indicates injury under the electrode. By and large, our find- 
ings corroborate the studies of Eyster and Gilsdn (8). 

More important for an understanding of conduction in heart muscle is a con- 
sideration of the time interval between the peaks of the diphasic depolarization de- 
flection on the one hand and that between the peaks of the diphasic deflection due to 
rcpolarization. Our construction indicated that these time intervals should be equal, 
or nearly so. In our experimental curx'cs the time interval between the peaks of the 
diphasic deflection of the impulse varies between one fifth to two thirds of the in- 
terval between the peaks of the diphasic deflection of tlie recovery process. The 
e?rplanation for this discrepancy is that the ti.s.suc is not everjavhere electrically liomo- 
geneous as was assumed in the theoretical treatment. It is well known that the ele- 
ments of iieart muscle show diverse rates of rcpolarization (g) and it is only beoiuse 
these rate differences arc yirobabl)' of a statistical character that the theoretically 
correct dipliasic form is so frequently encountered experimentally. 

We .sec, then, that Use large preponderance of rcpolarization waves of the cx- 
pecle'i form vs not only due to the sequence of depolarization of jioints c, p, and d 
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(fig. 2A) but is also contingent on the fact that near any point, />, picked at random, 
there r, -.11 usually be areas of more rapid, and other areas of less rapid, repolariaation 
In several e.vpenments rve recorded not only from p, but also from a number of sur- 
rounding points. By this procedure, one can usually discover a point that yields a 
repolanzation wave wJiich is wholly positi\'e (the region under the electrode be- 
coming repolarized more quickly than, and therefore acting as a source for, closely 
adjacent regions) and another point that yields a pureij- negative repolarization wave 
(the region under the electrode becoming repnlarized more slowly and behaving as a 
sink). In some records the repolarization \va\ e is isoelectric, or almost so. This 
sugpts that, provided the conduction velociiv i< cfmsiant (a valid assumption im- 
plicit throughout), the tissue under the expi.frii).r electrode, p, becomes repolarized 
just so much faster than that at c, but slower ! ( .'u that at d, that the effects cancel 
out. Finally, some records show a diphasic epolarization wave whose phases are 
reversed; i.e., in which the first phase is posit . . i!ie second negative. This may be 


Fig. 4. ELECTROGRAitS II.EUSTUATI.VG 
v.\riations in rcpolarization because of 
electrical non-homogeneity of the tissue. 
Compare with figure i. A and B. Ventric- 
ular strips. C and D. .Auricular strips. S, 
stimulus artifact. 


e.xplained b}'^ assuming that initially the region under the electrode acts as a local 
anodal focus, but is soon dominated b}'' a more rapidly repolarizing adjacent region. 
Experimental records illustrating these four types of repolarization waves are given 
in figure 4. It is, of course, possible to construct graphically corresponding mem- 
brane current curves by changing tlie duration of the properly chosen monophasic 
curv^es, c, p, or d, as each case demands. 

Thai differences in the time course of repolarization of closely adjacent areas 
exist, and are responsible for the variations in the form of the deflections of the re- 
covery process, may be more completely demonstrated by increasing the rate of stim- 
ulation and thereby reducing the cycle length. One of us has shown that this pro- 
cedure effectively minimizes the differotces in the time course of repolarization of the 
different muscle elements (10). A purely upright repolarization wave becomes di- 
phasic as the cycle length is decreased and in figure 5 the diphasic character of this 
wave is seen to be accentuated. Furthermore, the interval between the peak of the 
negative phase and that of the positive phase of the repolarization wave is decreased. 
However, it is only when the time interval between the peaks of the diphasic depolar- 
ization deflection is unusually long (0.06 sec., instead of the more commonly re- 
corded o.oi to 0.03 sec. range) that this interval approaches that between the peaks of 
tbe diphasic repolarization deflection. We interpret this to mean that a residuum 
of electrical non-homogeneit}'' is still present. 
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EPPECT ON THE HONOPHASIC CUR\^ OF EXPERIMENTALLY MODIFITNG THE 

^rEMBRANE CURRENT CURVE 

In figures 6A1 and 6B1 are shovTi typical monophasic records for ventricle and 
auricle respectively, recorded in air using the suction electrode. Below each exper- 
imental cur\'e are shown; first, the diphasic axial current curves computed by numer- 



Fig. 5. ELI:CTROGRA^^S ILLUSTR.ATIKG 
EFFECT of change of cycle length on repolari- 
zation. Cycle lengths: A. S.6 sec.; B. 2.9 
sec.; C. 2.1 sec.; D. 1.9 sec. Ventricular 
strip. 6', stimulus artifact. 



Fig. 6. .-\i AND Bi. Monophasic ac- 
tion POTENTIALS of ventricular and auricular 
strips, respectively, recorded in air with the 
suction electrode. Both show slight volume 
conductor effects. 5 , stimulus artifact. A2 
and Bs. Time course of axial currents of 
ventricular and auricular strijis, respectively, 
derived by numerical differentiation. .-Ij 
and Bj. Time course of membrane currents 
of ventricular and auricular striiis, respec- 
tively, derived by numerical differentiation. 
Ordinates in arbitrary units and not com- 
parable for different frames. 


ic.'d differenlhition (figs. 6.\2 and 6B2); and, secondly, the membrane current curves 
computed by numerical differentiation (figs. 6A,3 and 6B3). 

Ciojiies of figures fi.Vi and 6B1 are aligned for graphical analysis by our method 
in figures 7.\i and yBi, respectivclv. The resultants arc shown in figures 7A2 and 
7B-L 

It is instructive to compare the membrane current curve-s of figures fi.At and 
bB.t, obtained by numerical differentiation, with those of figures 7.A2 and 7B2 ob- 
tained by our graphical metiiod and to compare iioth sets with the experimental 
reconls of figure i, (Inc sees that the resultants obtained by our gniphical miUhod 
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may provide a better basis for experimental prediction than those obtained by numer- 
ical differentiation. As a matter of fact, Cole and Curtis (ii) have already pointed 
out the likeliliood of lack of satisfactory prediction because of cumulative errors in 
the numerical calculation of the second derivative (and other reasons as well). ' As 
an aside, it may be of interest to note that our graphical method, when applied to the 
monophasic curve of Nitella, yields a maximum value of the inward current density 
which is definitely greater than that of the outward current density — a. finding pre- 
dicted by theory but not established by numerical differentiation. In general, it is 
quite clear that the relationships between the monophasic, di-, and polyphasic curves 



B 


Fig. 7. Graphicai construction of time course 
OF iffiMBRANE CURRENTS, Az and Bz, from the mono- 
phasic action potentials, Ai and Bl. Ai and Bi are 
copies of the records of figure (i,Al and Bi. Ordinates 
in arbitrary units and not comparable for different 
frames. 



Fig. 8. A. Time course of membrane 
CURRENT of auricular strip following applica- 
tion of mecholyl. B and C. Time course of 
axial currents of auricular strip before and 
after, respectively, applying mecholyl. D. 
Monophasic action potential of auricular strip 
following application of mecholyl. (Lead 
wires reversed from C.) S, stimulus artifact. 



hold, so that the local circuit theory is valid for heart muscle under normal physio- 
logical conditions. 

The validity of the theory would be greatly enhanced if it could be shown that 
the relationships hold under experimentally modified conditions. Accordingly we 
carried out some experiments on the effect of mecholyl on auricular strips unmersed 
in a volume conductor. The effect of dilute solutions (c. io~®) of mecholyl is to 
convert the polyphasic form of the membrane current curve to a triphasic one like 
the resultant in figure 3F. The experimental record is shown in figure 8A. 

Now, if our thesis is correct, namely, that, given a membrane current curve, 
it is possible to derive the appropriate monophasic curve, we should be able to record 
experimentally a monophasic curve for auricle treated with mecholyl which has the 
form shown in figure 3 C. Linear strips in air were used. The normal diphasic action 
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potential curve was first recorded (fig. 8B; compare with fig. 6B2) and then mecholyl 
was placed on the tissue around one electrode. The diphasic curve underwent a 
series of changes, an example of which may be seen in figure 8C, until complete block 
supervened. The monophasic record is shown in figure 8D. Reoriented copies of the 
latter curve are arranged for graphical analysis in figure pA. Obviously, experiment 
and theory are in good agreement. The graphical resultant is given in figure pB; 
compare with figures 8A and 10B3. 

A 

Fig. 9. Graphicai, construction of time course of membrane 
CURRENT, B, from the monophasic action potential, A. A is a copy of the 
record of figure 8D. Compare figure pB with figure 8A. Ordinates in 
arbitrary units, those in A differing from those in B. 

B 

^ B 

Fig. 10. Comparison of time coxmss 
of monophasic action potentials, axial, and 
membrane currents of crab nerve (Al, 2, and 
3, respectively) and of turtle auricular strip 
after applying mecholyl (Bi, 2, and 3, re- 
spectively). Figures loAi, 2, and 3 from 
figure s of Katz and Schmitt (18). Note 
that the time required for the inscription of 
the monophasic action potential of crab nerve 
is 4 msec.; of the turtle auricular strip, nearly 
0.8 see. Ordinates in arbitrary units and not 
comparable for different frames. 


Tlic profound change in the monophasic curv'c under the influence of mecholyl 
implies a modified distribution of the electrical charges on the auricular strip. We 
may now picture the contour for the distribution of the electrical density as in figure 
2B. The principal change is the great decrease in length of the almost completely 
depolarized segment. This, we feel, is mainly due to an acceleration of the repolari- 
zation process. If the acceleration is sufficiently great, two effects may be expected. 
In the first place, currents derived from recovering or recovered regions will interfere 
at the active segment with currents originating from resting regions in front of the 
excitation wave. As a result, currents flowing out of the resting regions ahead of the 
impulse will meet with considerable resistance and be diminished in magnitude. 
Experimental evidence for thus point of view is seen in the fact that for the auricular 
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Strip treated witli mecholyl tlie outward current density is ver>^ definitely less than 
that 0 tlie inward current density (fig. 8A). We venture to suggest that in nerve, 
normally, the repolarization dipole is advanced spatially, or temporally, so that 
ite negative charge summates with that of the depolarization dipole. The magnitude 
of the positive charge of the depolarization dipole, as registered by the exploring 
electrode which it is approaching, will appear effectively lessened in magnitude. 

The more ob\nous effect of the acceleration of recovery will be, as already stated 
to decrease the length of the active segment. In terms of the dipole theory, this 
implies that the distance between the negative and positive charges of the repolariza- 
tion dipole is decreased. One should bear in mind that in heart muscle the repolari- 
zation process is more accurately represented by postulating that the components of 

the repolarization dipole are more widely separated than those of the depolarization 
dipole (3). 


Another, and equivalent, picture may be derived from an analogy with the 
reactions of ephapses (12, 13). When active and resting nerve fibers are contiguous 
over a sufficient length, the impulse generates currents which are, successively, anodal, 
cathodal, and anodal, in their effects on the resting fiber. Actually, the cathodal 
phase is double and appears as such in the normal heart muscle strip. The effect of 
mecholyl is to telescope these separate cathodal phases into one. The result is a 
picture like that of ner\^e (^oidc wfra). Also, Arvanitaki (14) has shown for such 
double ner\'e preparations tliat in many of the geometrical arrangements the terminal 
anodal effect suppresses the active response of the restmg fiber. In the case of the 
auricular strip treated with mecholyl, the activity of the depolarizing cathode may be 
thought of as if it were being aborted b)’’ the action of the terminal anode. 

The foregoing presentation provides a point of departure from the conduction 
theories of Rashevsky (15) and Rushton (16). Their analyses postulate that the 
excitatory disturbance in effect leaves the tissue (nerve) permanently altered behind 
it. Electrical changes involved in recovery are assumed not to affect the electrical 
phenomena occurring in regions lying ahead of the excitation wave. In this connec- 
tion see the paper of Offner, Weinberg and Young (17). 

Having demonstrated that the local circuit theory of conduction in heart muscle 
is valid, and that our method of analysis of the electrical changes is self-consistent 
and capable of extension and prediction, we may be said to have accomplished the 
task set for ourselves. Before concluding, however, we should like to point out the 
interesting resemblance between the records of the electrical changes in auricular 
muscle, following the application of mecholyl, and those in normal nerve. 

In figures loAi, 2, and 3, we reproduce from the paper of Katz and Schmitt 
(18; page 478, fig. 5) the monophasic, diphasic, and membrane current curves, re- 
spectively, of crab nerv^e. The monophasic curve is obtained by electric integration 
of the diphasic; the membrane current curve by electric differentiation of the latter. 
In figures loBi, 2, and 3, we present the monophasic, diphasic, and membrane current 
curves, respectively, of auricular muscle treated with mecholyl. The diphasic and 
niembrane current curves are derived by successive numerical differentiation of the 
nionophasic curve. Although the absolute temporal relationships between the two 
sets of curves are, of course, of an entirely different order of magnitude, the relative 
temporal relationships are strikingly similar. 
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SUMMARY 

A new graphical method has been presented for deriving monophasic action 
potential curves from membrane current curves (volume conductor), and vice versa. 
The applicability of the method was tested by experimentally modifying the form of 
the membrane current curve and predicting the form of the monophasic curve. The 
prediction was verified by experiment. We conclude from this analysis that con- 
duction in these heart muscle strips may be interpreted as though the tissue were a 
single fiber. 

Variations that occur in the repolarization process are interpreted to mean that 
the tissue is not homogeneous in its electrical properties. Unless this phenomenon is 
absent, or recognized and adequately dealt with, the application of numerical methods 
of integration for deriving monophasic curves from membrane current curves may 
yield incorrect results. The difficulties can be resolved by assuming various forms 
of monophasic curves which, by trial and error, will give a fit between the graphical 
resultant and the experimental record. 

Finally, from empirical considerations, we feel that any complete and adequate 
theory of conduction must take into account the effects of electrical changes in the 
recovery process upon those occurring ahead of the wave of excitation. Present 
theories fail to do this. 
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EFFECTS OF CHANGES IN POSITION OF THE HEART OF THE 
CHICKEN ON THE ELECTROCARDIOGRAM^. ^ 

PAUL D. STURKIE 

From the New Jersey Agricultural Experiment Station, Rutgers University 

NEW BRUNSWICK, NEW JERSEY 

T he effects of changes in the position of mammalian hearts on the electro- 
cardiograms have been reported by a number of workers. This paper, to 
the writer’s knowledge, represents the first report on the effects of position 
changes of the chicken heart upon the electrocardiogram. 

METHODS 

Before the heart was exposed, the electrocardiogram was taken with the bird 
lying on its back and anesthetized with pentobarbital sodium. The muscle from the 
sternum was then removed and the sternum and sternal ribs were cut away, leaving 
the coracoids and clavicle intact. As soon as the heart was exposed, its position 
was charted in relation to the limb leads. Needle electrodes were inserted in the 
muscles at the base of the wings and in the muscle of the left thigh. The relationship 
of the Lead lines to the long axis of the body of most birds was such that the apex of 
the heart had to be rotated from 8o° to 90° to the left of the midline and approxi- 
mately 60° to the right of the midline in order to be perpendicular to Lead lines III 
and II, respectively. 

The heart was rotated only on its anterio-posterior axis and with the pericardium 
intact. The pericardium was freed of its attachments at the apical end and a piece 
of thread was tied to it. Thus the heart was rotated by rotating the pericardial sac. 
Attempts at rotatmg the heart with the pericardium removed usually resulted in 
injury currents and this method was abandoned. 

The left ventricle of the chicken heart is about three times as large as the right 
ventricle (i) and the apex is curved slightly to the right. Li rotating the apex to the 
left, the heart tends to rotate on its longitudinal axis more than when rotated to the 
right. This is discussed more fully later. 

The electrocardiograms were recorded with a direct-writing, moving-coil 
galvanometer (Cardiotron) manufactured by the Electro-Physical Laboratories, 
New York City. The records of the three Leads were taken consecutively on the 
same instrument. 

In calculating the electrical axes, the records were magnified and the amplitude 
recorded in 0.25 mm. In all cases the algebraic summation of amplitudes I and III 
equalled or approached closely those of IL In most cases the variation was not 
more than 0.5 mm. 

Receivedforpublication June 30, 1948. . . xt • 

^ Paper of the Journal Series, New Jersey Agricultural Experiment Station, Rutgers University, 

Paboratory of Avian Physiology. 
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RESULTS 

Posilion of the Exposed Heart. The position of the heart of the chicken, as 
Lewis (i) has shown, is almost vertical. The hearts of the 7 birds studied were in 
the midline or slightly to the left side with the apex slightly to the right. In 2 of the 
birds the apex formed an angle of + 100° and in the remainder the angles were from 
+95 to +90°- 

Normal ECG of the Chicken. Lewis (i), working with 2 chickens, described the 
electrocardiogram in that species. His description, except for Lead I, is the same 
as the writer’s. 

The ECG of Lead I of the normal bird is the most variable of the limb leads. 
Based upon serial ECG’s of over 70 adult chickens (2), it was found that the ECG’s 
of Lead I are of two general types with respect to configuration. Of the birds studied 
about 63 per cent exhibited one of the types and, in a few cases, the same bird ex- 
hibited both types in serial ECG’s. A description of the two types follows: 

Type A is characterized by an upright P, a very small, abortive upright R, 
followed usually by a relatively prominent S wave, and usually an upright T wave; 
the T in some cases, however, may be flat or isoelectric. 

Type B is characterized by an upright P, followed by a relatively prominent 
upright R, and no A, or a small S wave. The T wave may be isoelectric, slightly 
positive or slightly negative. There are variations of these types, but in most 
cases R is more prominent than the 5 , or the reverse. 

In Leads II and III, the R wave is very small or absent, while the S wave is 
prominent. The T wave is positive. P III usually is upright. 

Changes in ECG Following Exposure of the Heart. One of the most prominent 
changes noted in the ECG of the exposed heart, as compared to that of the un- 
exposed heart, was the tremendous increase in amplitude in all leads following e.x- 
posure. The significance of the amplitude changes will be discussed in another 
report. The configuration of the ECG in Leads II and III was changed very little 
after exposure, e.xcept that in Lead III the P wave became inverted in most cases. 
Before exposure of the heart, the P wave was upright in 5 of the 7 birds. At that 
time, 5 of the birds cxliibited a Type B Lead I, and 2 Type A. After exposure of the 
heart, 6 of the birds showed Type B. There were no other significant changes in 
contours of the ECG’s except that usually the R or S was relatively more prominent 
than before the heart was e.\posed. 

Effects of Rotation to the Left on RS and T. The A wave is normally the main 
ventricular deflection in Leads TI and III and also in Lead I in some cases. In 5 of 
the birds studied, the main ventricular wave in I was an R (fig. 1). In determining 
the changes in the amplitude and electrical axes of ventricular depolarization, RS 
has been used as the most reliable indicator of that change. In all cases RS I and III 
before and after rotation equalled or closely approached RS II. Most of the hearts 
were rotated 45® and So° to the left and some were also rotated 30" and 60°. A 
summar>' of the results of all degrees of rotation on RS and T is shown in Uiblc i. 

RS. In S out of 1 2 observations of Lead I, following rotation, the RS'& were less 
positive or more negative, as indicated in table i. Two RS's were slightly more 
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was 


positive, and one less negative after rotation. In one instance where the RS 
positive, It showed no change after rotation. 

In those birds where the main ventricular waves were upright in Lead I before 
rotation, they became, m most cases, negative after rotation; and the degree of 

H M 



Fig. I. Rotation of the heart on its antcrio-posterior axis to the left. Leads I, II, and TH 
for birds i, 5, and 6 before rotation (N) and after different degrees of rotation. Standardization, i 
mv. 


negativity, in most instances, increased with the degree of rotation (fig. i, birds i and 
d). In two cases, the main ventricular waves before rotation were negative; and 
the J 2 ’s were absent or very small. After rotation, R waves appeared or increased, 
and the S waves decreased (fig. i, bird 5). 

In Lead II, 9 of the 13 cases exhibited a decrease in negativity in RS and 4 
showed an increase. In 3 of these the change was slight and probably not significant 
whereas one showed a significant change. In 10 of 13 cases for Lead III, the RS’s 
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exhibited a decrease in negativity, 2 showed a slight increase (probably not sig- 
nificant), and one showed no change. The variation in degree of change of RS in 
Leads II and III varied considerably; however, the degree of change in III was in 
most cases greater than in II, particularly with the higher degrees of rotation (fig.i). 

Changes in electrical axes more clearly reflect the changes occurring in RS follow- 
ing rotation. The summary in table 2 shows that n of the RS axes were increased, 
and one was unchanged after rotation. The mean change in axes for all degrees of 
rotation was 11.7°, with a range of 0° to 32°. The maximum change was observed in 
bird 4. The axis for this bird before rotation to left was — 68°, which was appreciably 
lower than the axes for the other birds. 

The hearts of 5 of the birds were rotated 45° and 80° or 60° and 80° to tlie left. 
In all instances, except one, the changes in electrical axes were greater with the higher 
degree of rotation, but the degree of change was not directly proportional to the degree 
of rotation. The degree of change with 45° rotation, m most instances, and with 


Table i . Effects of rotation of heart to the left on amplitude and direction of rs and t. 

INCLUDES ALL DEGREES OF ROTATION 


LEAD 

1 

NO. 0? 
BIRDS 

1 

1 KO. 0? 
ECO’S 

j MORE NEC. OR LESS BOS. 

LESS NEO. OR MORE POS. 

KO 

CHANCE 

-to-j 

! to— 

* 1 ’ to 

— too 

— to + 

— to — 

j 0 to 4 * 

1 

4 -to + 







Change in RS 




1 

6 

12 

I 

5 

2 

1 

0 

0 

0 

2 

I 

n i 

7 

13 

4 

0 

0 

0 

0 , 

9 ; 

0 

0 1 

0 

m 1 

7 

13 

2 

0 

0 

0 

0 1 

10 

0 

0 1 

1 

1 






Change in T 




I 

6 

12 

0 

0 

0 

0 

i 4 

i 2 

2 

i 3 

I 

n 

7 

13 

0 

0 

13 

0 

i ° 

I 0 

1 ^ 

1 0 

1 

0 

in 

7 

13 

0 

0 

13 

i 0 

1 

i 0 

i 0 

0 

i 0 

0 


* Sign of RS before rotation of heart. * Sign of RS after rotation of heart. 


higher degrees of rotation in some instances, was of low order and probably not 
significant. 

T. In Lead I, ii of the T waves were less negative or more positive after rota- 
tion, and one showed no cliange (table i). The T’s which were negative before rota- 
tion usually decreased in negativity or became positive after rotation and the degree 
of change increased with the degree of rotation (fig. i). In Leads II and III, the T 
wave in all of the obser\'ations showed a decrease in positivity, and the degree of 
change was greater in III, in most cases. 

The electrical axes for all of the T waves showed a decrease after rotation to the 
left. The mean change in axes v/as +29°, with a range of -}-2 to -{“77° (table 2). 

I'he more extensive change resulted from the greater degree of rotation, but the 
change was not proportional to the actual degree of rotation. 

Ejects of Rotalion (0 (he Rigid on RS and T. RS. The effects of rotation to the 
right on RS and T were more consistent and pronounced than the effects of rotation 
to the left, A summaiy of the results is shown in table 3. 
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]ji Lead I, eight of the nine which were positive before rotation {R more 
prominent than S, ox S absent) increased in that direction after rotation (fig. 2, 
bird f). The degree of change was pronounced in most instances. Of the four 
jR 5 ’s which were negative before rotation three of these were only slightly so {R 
almost as prominent as S) and they decreased or became positive after rotation. 
Only one bird exhibited a prominent S wave before rotation and this became positive 
after rotation. In Lead II, 12 RS'?, before rotation were negative and aU of these 
decreased in amplitude after rotation. One RS which was positive before rotation 


Table 2. Increase (i) or decrease (d) in electrical axes eollowing difperent 

DEGREES OF ROTATION 


SIKD 

AXES BEFORE 
ROTATION 

DECREE or ROTATION LEFT 

DEGREE OF ROTATION RIGIIT 


■mi 

45 " 


So” 

4 S° 


60“ 


8o‘ 



T>C 














H 

RS 

T 

RS 

T 

RS 

■1 

RS 

T 

RS 

T 

I 

-89" 

+87 

-Si 

-j-2D 

-23I 

+17D 

-32D 

+ 2Sl 

-45D 

+75 1 



2 

—80 

+96 

-81 

+2I 

-61 

+19D 



— 12D 

+9I 

— 17D 

+27I 

3 

-114 

4-109 

-61 

+48D 









4 

-68 

+78 

— 32I 

+43D 



— 14D* 

+ 78I 





s 

-96 

+8s 

-2I 

+14D 

-61 

+77D 

~ 7 D 

+4I 

— 1 2D 

+7I 



6 

-8s 

4-95 

— 27T 

+3601 

-19I 

+SoD 



- 4 D 

+13I 

-13D 

420I 

7 

-80 

+95 

0 

-49D 

-7I 

+30D 

- 9 D 

481 

-28D 

+42I 

-28D 

+44I 


Summary: RS—ii increased, i no change; 12 decreased in angle; 12 increased in angle. 
T — 12 decreased. 

1 60“ rotation. * = angle before rotation right (- 16 °). The axes of the other birds changed 
very little from those given. 


Table 3. Effects of rotation of heart to right on amplitude and directions of rs and t 

Includes all degrees of rotation 


LEAD 

. NO, OF 
BIRDS 

NO. OF 
ECO’S 

ES MOKE POS. 

OR LESS NEC. 

NO 

CHANCE . 

T LESS POS. OR MORE NEC. 

NO 

CHANCE 

— too 

— to — 

j — to + 

+ to + 

+ to + 

— to — i 


1^1 3S3 

+ to + 

-pto-}- 

I 

6 

13 

2 

I 

m 

8 


10 

1 2 

1 

f I 

i 

0 

0 

II 

6 

13 

0 

12 


I 


! 0 

1 0 

1 2 

II 

0 

III 

6 

13 

0 

13 

B 

0 

B 

0 

0 

0 

10 

3 


increased slightly after rotation. The electrical axes for all of the RS’s decreased 
after rotation (table 2). Theaveragedecreasewas- 18.4°, with a range of -4° to -45°. 

r Changes In Lead I, aU of the Ts became less positive or more negative after 
rotation of the heart to the right (table 3). The T wave normally may be sHghtly 
negative or positive. Ten of the Ts which were negative before rotation became 
more negative after rotation (fig. 2). Of the three cases which were slightly positive 
before rotation, two became isoelectric, and one became negative after rotation. 

In Lead II, all of the T waves were upright before rotation, and ii showed a 
decrease in positivity after rotation (fig. 2). Li two cases the decrease was from 
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positive to negative. In Lead III, 10 of the T’s decreased in positivity and three 
showed no change after rotation. The degree of change in II was, in all instances, 
greater than in III. 

The electrical axes of all the T waves increased after rotation. The average 
increase for all degrees of rotation was 4-20.3° with a range of 4° to 78°. The 
degree of change in electrical axis for any given bird was greater with the higher 
degree of rotation, but there was considerable variation in the change between 
hearts receiving the same degree of rotation. The degree of change, however, was 
not directly proportional to degree of rotation. In most cases the actual change was 
less than the degree of rotation. In two exceptional cases (birds 1 and 4) where the 
hearts were rotated 60° and 45°, the changes in axes were 75° and 78° respectively. 



Fig. 2. Rotation' of the heart on its anterio-posterior axis to the right. Leads I, II, and HI 
before rotation (N) and after different degrees of rotation. Standardization, i mv. 

DISCUSSION' 

The results obtained in this study are fairly consistent with expectations based 
upon Einthoven’s theor)’. In general, rotation of the heart to the left resulted in a 
great decrease in amplitude of S3 and Tz . The results obtained in Lead I depend 
upon the direction and configuration of R, S, and T before rotation. In those cases 
where, in Lead I, R v.-as relatively prominent (or S was absent) and the T wave was 
negative, rotation to the left resulted in a decrease in R and the appearance, or an 
increase of S and a positive T wave. When a relatively prominent S and a small 
upright T were present in I, before rotation, the S decreased and R and T increased 
after rotation. One of the birds studied was of this type. In this case, the decrease 
in amplitude of S3 was not so great as in tlie cases v.'hcre an R wave was present in 
I.^d I, as might be exjiccted (fig. i). 

The changes, hov.-ever, were not in direct proportion to the degree of rotation. 
Tlic electrical axes did not change in proportion to the shift in anatomic axes, even 
tliough the change, in most cases, was greater v.'ith the higher degree of rotation. 
This ivas particularly true for the RS axes. Tlie change in the T axes with a given 
degree of rotation was greater than for RS. 7 'lie results of rotation to the right 
were more consistent and pronounced than in rotation to the left. In the main. 
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Ii?anTof^r n a decrease in the amplitude of J II and 

of T I ? ^ tiepended upon the direction and configuration 

of R S, and T before rotation. \\Iiere R was relatively prominent in I and J was 
egam e, rotation to the riglit resulted in an increased R and an increased negative T 
These changes wre m opposite direction to those obtained following rotation to the 
. ^\Iien ai^and an upright T were present in Lead I (one case), before rotation, 

1 was replaced by an R and T l^ecame diphasic, but mainly negative with the 
higher degree of rotation. 

The degree of change in electrical axes for RS was greater for rotation right, but 
was not directly proportional to the degree of rotation of the heart. The degree 

o change in the 7 axes was of the same magnitude for rotation to the right and to the 
left. 

The results obtained for the chicken heart appear to be in closer agreement 
with Einthoven’s thcor}- than the results of rotation of the heart of dogs, as reported 
by Meek and Wh'lson ( 3 ), and others. Meek and Wilson showed, in rotating the 
heart of the dog on its anterio-posterior axis, tliat the heart was also rotated on its 
longitudinal axis, which affected the results obtamed. This factor may have in- 
fluenced the results obtained on tlie chicken heart, particularly in rotation to the 
left. The size and shape of the left ventricle is such that, in rotation to the left, 
the tendency for the heart to rotate also on its longitudinal axis is greater than in 
rotation to the right. 


SUiniARY 

The hearts of chickens were rotated on their anterio-posterior axes to tlie right 
and the left. 

In rotation to the left there was a decrease in amplitude of S m and 11 and of 
T II and III, but the decrease was greatest in Lead III. In Lead I before rotation the 
ECG’s of most of the birds exiiibited a small R wave, no S, and usually a negative 
T w'ave. After rotation the R decreased or disappeared and was replaced by an S 
wave, and the T wave became positive. The electrical axes for RS increased in most 
instances after rotation and the T axes decreased. The degree of change in the 
axes was not directly proportional to the degree of rotation of the heart, but in most 
instances the change was greater with the higher degrees of rotation. 

Rotation to the right resulted in a decrease in amplitude of S II and S III and of 
T II and T III, but the decrease was greatest in II. In Lead I, the R wave and the 
negative T, which were present in most birds before rotation, increased in amplitude 
after rotation. The electrical axes for RS decreased after rotation and the T axes 
increased. The degree of change in the RS axes was greater in rotation of the heart 
to the right than to the left, but the change was not directly proportional to the 
degree of rotation. In most instances, the change was greater with the higher 
degrees of rotation. 
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STUDY OF SIMULTANEOUS RIGHT AND LEFT ATRIAL 
PRESSURE PULSES UNDER NORMAL AND EXPERI- 
MENTALLY ALTERED CONDITIONS^ 

D. F. OPDYKE, J. DUOMARCO,* W. H. DILLON, * H. SCHREIBER," R. C. LITTLE 

AND R. D. SEELY 

From the Department of Physiology, Western Reserve University Medical School 

CLEVEIAND, OHIO 

T here is indirect evidence that in the presence of an interatrial septal defect 
there is a transfer of blood from left to right atrium. This implies a greater 
pressure in the left atrium which has been directly demonstrated (1,2). It 
has not been shown, however, whether such a pressure difference exists throughout 
the cardiac cycle or only at specific moments. As a first approach to the study of 
the hemod3mamics of inter-atrial communications it is therefore important to know 
the normal relation between pulse contours, synchronicity of events and instantaneous 
pressure relations in the cavities of the two atria. 

Although the right atrial pressure cycle and its variations is well-known, that 
of the left has received only a modest amount of attention, chiefly in connection 
v/ith studies of pulmonary hemodynamics. The older observations consisting mostly 
of investigations carried out before the advent of modem optical methods of recording 
have been reviewed by Tigerstedt (3) and Wiggers (4). A few uncalibrated records 
of left atrial pressures obtained by modem optical methods have been published by 
Piper (5), Straub (6), Wiggers (7), Wiggers and Katz (8). Simultaneous recordings 
of right and left atrial pressures by adequate manometers are exceedingly few and 
none have been quantitated. 

This investigation was carried out Mth the ex-press purpose of comparing the 
basic effects which changes in blood flow have on right and left atrial pressures 
simultaneously recorded. Such studies can be made with greatest accuracy in open 
chest experiments in which the complicating effect of changes in intrathoracic pressure 
on venous pressures is abolished. In this way it is possible to establish a basis for 
comparison of results obtained when interatrial septal defects arc experimentally 
produced. Furthermore, since the problem of hemodynamics in the pulmonary cir- 
cuit seems destined to be reinvestigated by means of the right heart catheterization 
technique (9, ro), tliese observations should also be of use in interpreting the new 
information so obtained. 


XtETHODS 

Mongrel dog3 of average size were adequately anesthetized w-ilh 3 mgAs- of morphine sub- 
aitancousiy end jSo to zoo mg/kg. of sodium barbital intravenously. Aortic and atrial pressures 
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were recorded optical manometers of the Gregg design. The manometers used for aortic pressure 
had frequencies of at least 150 per second ; those used to record atrial pressures were about 50 to 70 
per second. There was no parallax between the various recording beams. Each manometer beam 
was calibrated in respect to its base line at the end of each record. 

A tracheal cannula was inserted, the right carotid artery exposed and a femoral vein cannulated. 
Later, a cannula for recording aortic pressure was introduced via the right carotid artery so that the 
tip just reached the arch of the aorta. Tlie approach to the atria was governed by the method of 
recording tlie atrial pressure contemplated. A mid-stcmal approach with wide retraction of the chest 
wall was used when pressures were to be recorded via cannulae or semi-rigid catheters inserted through 
the azygos and/or pulmonarj' vein, or through the tips of the atrial appendages. In such cases the 
heart was suspended in a pericardial cradle, care being taken not to impede venous return. The mid- 
sternal approach was used occasionally when right atrial pressure was recorded by means of a sound 
passed dorni the external jugular vein. Usualljq when the right jugular soimd was employed the left 
atrium was exposed by resecting the third rib on the left side and left atrial pressure recorded by means 
of a cannula or catheter introduced via a pulmonary vein or the tip of the atrial appendage. Good 
records were obtained in a few experiments by resecting the third or fourth rib on each side and record- 
ing the atrial pressures through the tip of a 20-gauge hypodermic needle placed in the atrial cavity 
directly or through the tip of the appendage. Generally speaking, none of these methods has a 
marked advantage over the others. The rate and volume of artificial respiration was adjusted so 
that spontaneous respirator^' movements just failed to occur. When taking records the respiration 
was halted for a period of 5 to 10 seconds in order to avoid artifacts and changes in hydrostatic level 
of the heart due to the inflation and deflation of tlie lungs. 


RESULTS AND DISCUSSION 

It was necessary in each case to determine the true pressure curve for each 
atrium and to minimize artifacts caused by intrinsic and extrinsic factors. The true 
forms of the atrial pressure curves were determined by taking numerous records 
with different positions and adjustments of the cannulae. Consistency in the form 
and pressure of a curve with the cannula in several different situations was the 
criterion of reliability. Records which contained artifacts that appeared to be caused 
by faulty position of the cannula, e.g., arterial impacts or occlusion during a part 
of the cycle, were discounted. Some artifacts, however, are present in all records. 
Movement of the heart, arterial impacts and heart sounds set up vibrations which 
are recorded by sensitive optical manometers. These are unavoidable in most cases 
if the manometers are of relatively great sensitivity. The analysis of form and in- 
stantaneous pressures in regions where they occur can therefore be only approxhnate. 

Reliable records of simultaneous right and left atrial^ pressurp were obtamed 
from 30 animals before starting procedures such as rapid saline infusions, hemorrhage, 
or stimulation of nerves which could alter the normal relation between right and 
left atrial pressure. These records have been analyzed ^vith the objective of de- 
termining whether any differences exist in the dynamics of blood flow in the right 
and left atria. Representative segments of normal records from six experiments are 

reproduced in figure i and discussed below. ^ . r j 

I. Pressure Pulse Contour. The contour of the left atrial pressure pulse is funda- 
mentaUy the same as the right, exhibiting the same waves but differmg m aniphtude. 
In general, the characteristic of the left atrial curve, as recorded by us, is the rela- 
tively greater elevation of the ‘V’ wave, the peak of which roughly coincides wflh 
the second heart sound. In most of our experiments the maximum pressure durmg 
the left atrial cycle occurred at this point. In this respect our curves differ from 
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some of those previously published. We attribute this to a more normal venous 
return than has heretofore been obtained in this type of experiment. The right 
atrial pressure pulses are typical and need no description. 

n. Synchroniciiy of Events. Four easily identified points on the pressure cur\'es 
were selected for comparison, these points being i) the beginning of atrial systole, 2) 
the peak of atrial systole, 3) the end of atrial systole (in reality the beginning of 




Bight 


A.?. 


Fig. I . SisurLT,\NF.ousi.Y RECORDED ATRiAi. PREssTJRi: PULSES from 0 representative experiments. 
Top curve, left atrial pressure; middle cur\c, right atrial pressure; bottom curve, aortic pressure (A. 

P-). 

ventricular isometric contraction, the so-called ‘Z’ point), and 4) the second heart 
sound artifact which we have called the ‘V’ point. Only records in which these four 
points could be identified without question on both right and left atrial curves were 
analyzed, 

Tiic results of this analysis arc presented graphically in figure 2. No consistent 
pattern of asamchroriicity exists. Right atrial .systole may begin as much as 0.03 
second before left, but in about 50 per cent of the cases tlic atrial systoles arc simul- 
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taneous Occasionally left atrial systole preceded right by o.oi to 0.02 second. The 
peaks of atrial systoles may be synchronous or asynchronous in either direction and 
the precedence bears no relation to the order of precedence of the beginning of the 
atrial systoles. The end of left atrial systole as marked by the beginning of ventricu- 
lar isometric contraction frequently precedes right, but this is a ventricular event 
rather than an atrial one. The appearance of the second heart sound artifact is 
simultaneous in both cur\'^es. 


LeftAtrUl Events Referred to Right Ktml Curve 



1 1 1 M |N I i 1 1 II i[f I II I ni 1 1 1 1 1 1| ) 

Each Division 0.01 Second 

Fig. 2. Time relation between comparable right and left atrial events. 

ni. Pressure Relations Between Right and Left Atria. An important objective 
of this investigation was to determine what hemodynamic gradients normally exist, 
or can be produced, between the two atria in the open chest animal that would be of 
importance in determining the direction and quantity of blood flow through a the- 
oretical inter-atrial shunt. A comparison of simultaneously existing right and left 
atrial pressures throughout the cardiac cycle and under controlled experimental con- 
ditions gives us such information. 

A. ‘Normal’ pressure relation. The size and direction of the pressure gradient 
existing between the two atria from moment to moment was carefully measured in 
many experiments before instituting procedures which would experimentally alter 
the relation. By means of the coordirectograph described by Green (ii) differential 
pressure curves were constructed by subtracting the right from the left atrial pressure 
curve. The six constructed curves reproduced in figure 3 are representative of all 
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types encountered. Such curves show the direction and magnitude of the pressure 
gradient across the inter-atrial septum at each moment of the cycle. 

In about 50 per cent of the cases (curves 1-3) the pressure gradient is from 
left to right atrium at all times during a single cycle. Although the pressure gradient 
seldom exceeds 5 mm. Hg, it is evident that the direction of blood flow would have 
been from left to right atrium had an inter-atrial communication been present. This 
obsen^ation adds weight to a clinical impression that such is the direction of flow 
through congenital shunts in man (i, 2). 


nm-Mg 


Bifferttriitl Prtsiurt Corves of Right on* Left 
Axntl Pressure 



0-. 


Left 

^ A 

A-/\ 

A 

Sight 


■'\r^ • ' 




Fig. 3. CoNSTECCTED DiiTEREKTiAL PRESSURE CURVES showing the moment to moment difference 
between right and left atrial pressure. A-S, beginning of right atrial systole. 


However, the pressure gradient across the inter-atrial septum is not alwa}^ from 
left to right or even constant in direction. In about 40 per cent of the cases of which 
cur\'es 4 and 5, figure 3, represent the extremes, the gradient was predominantly 
from left to right, but reversed direction for a brief period (0.1-0.12 sec.) during 
some portion of the cycle. Tlie reversal of direction sometimes occurred during 
atrial sv-stole and sometimes during diastole. It did not appear to be associated 
with the degree of asjmchronicity of the atrial events. In most cases, however, the 
period during which the direction of the gradient was from right to left atrium was 
veiy short and the pressure dinercntial very small (1-2 mm. Hg), so we arc of the 
opinion that little lilood would have been transferred from right to left atrium had 
an inler-.'Uria! sept.al defect been present. 
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About one dog in 10 exliibited a right atrial pressure that was greater at aU 
tmes dunng the cycle than left atrial pressure. A differential pressure curve of 
one such animal is illustrated by cur^^e 6, figure 3. One of the striking things about 

uch cases IS the fact that when this situation is found the pressure differLtial is 
considerable, averaging 5 to 12 mm. Hg. amerentiai is 

B. Eged of infusions on atrial pressures. It was our desire to alter the circu- 

^ atrial pres- 

sures. ^ One of the simplest methods of achieving this end is to increase venous return 
via an mtravenous infusion. 


Table i. Simultaneous right and lett atrial pressures, in sim. hg during inpusion of 


BLOOD 


POINT 


1 


2 


3 


4 

atriai. psessdee 

Rt. 

Lt. 

Rt. 

Lt. 

Rt. 

Lt. 

Rt. 

Lt. 

A. Control; A.P. 135/95, C.L. 0.42" 

I.O 

2.0 

3-0 

7-5 

0.8 

6-5 

I.O 

I-S 

B. socc. in; A.P. 155/122, C.L. 0.44" 

^•5 

6.4 ! 

4.0 

7.0 

2,0 

9 . 0 - 

2.0 

4.1 

C. 100 cc. in; A.P. 176/135, C.L. 0.46" 

4.1 

1 8.0 

' 6.5 

II. 0 

4.5 

II. 0 

4.0 

12.0 

D- 150 cc. in; A.P. 193/145, C.L. 0.46" 

S-S 

II. 0 

9.0 

15.0 

7.2 

15.5 

7.0 

18.0 

Total Increase 

4-S 

9.0 

6.0 

7.5 

6.4 

9.0 

6.0 

16.5 


Pressures measured at pts. indicated in fig. 2. C.L. = Cycle length. Duration of infusion = 3|min. 


The effect of moderately rapid infusions of blood or saline into a femoral vein 
was studied first. The rate of infusion was usually 50 to 75 cc. per minute and the 
total volume varied between 100 and 500 cc. Simultaneous atrial pressures were 
recorded and the pressures measured at four different points during each cycle. These 
points, indicated in figure 2 were: i) beginning of right atrial systole, 2) peak of right 
atrial systole, 3) end of right atrial systole, so called ‘Z’ point, and 4) just before 
appearance of second heart sound artifact, the ‘V’ point. Further reference will be 
made to these points by the appropriate number. 

The change in atrial pressure relations as a result of infusion was remarkably 
constant in a series of 20 experiments. Therefore, the details of one of the best 
illustrates the typical result. Table i summarizes the data obtained from analysis 
of the optical records. By the time 50 cc. of blood had been infused the pressure 
in both atria was elevated at the four measured points, with a single exception (point 2 
of the left atrial cycle). However, after 100 cc. had been infused the pressure had 
increased at all points. The striking feature in this case and all others is the fact 
that left atrial pressure increased more than right and by a considerable amount 
(see tabulation of total pressure change at each point). The greatest rise in atrial 
pressure, right or left, occurred invariably at point 4 on the left atrial pressure curve. 
The fact that the pressure at point 4 rose somewhat more rapidly, particularly after 
the first so cc. of infusion, strongly suggests that the rise of left atrial pressure was 
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due chiefly to an increase in left atrial inflow and hot to back pressure effects occasioned 
by the rise of aortic pressure since the A-V valves were closed at this point. 

We conclude on the basis of these experiments that a larger venous return would 
result in a greater pressure differential across the inter-atrial septum increasing the 
gradient from left to right. In the face of such a situation a larger quantity of blood 
would have been returned to the right circuit had a communication between the 
atria existed. Furthermore, it would appear that ‘reversal effects’ (i.e., a drop in 
systemic arterial oxygen saturation as a result of reversing the direction of flow 
through the shunt) would not have occurred as a result of infusion. A failure to 
decrease arterial oxygen saturation as a result of infusion has been reported in a 
human case with an inter-atrial shunt by Warren and co-workers (i). 

The above experiments did not permit us to determine whether the elevation 
of right atrial pressure always preceded that of the left, or vice versa, since continuous 
records of infusion were not obtained. In order to clarify this point another series 
of experiments was performed. Brief rapid saline infusions at the rate of 10 to 50 
cc. per second were made directly and alternately into the right and left atria via 
a right jugular sound or a cannula in the left atrial appendage. Atrial and aortic 
pressures were recorded continuously so that each record contained control, infusion, 
and recovery beats. Since the duration of infusion was usually not longer than 
5 to 10 seconds it was possible to use a fast speed of the photokymograph, thus allow- 
ing the curves to be spread out and the pressure changes at various points of each 
consecutive cycle analyzed. Atrial pressures were measured at the previously in- 
dicated four points. 

The changes observed with this type of infusion were consistent in a total of 
eight experiments. Therefore, the results of only one experiment are presented in 
detail in figure 4. The rate of infusion in this experiment was 18 cc. per second for 
a duration of a little over four seconds. As shown in figure 4, left atrial pressure 
increased considerably more than right at points i, 2 and 4 during right arterial 
infusion. The increase appears to be parallel at point 3. Conclusions as to 
whether left atrial pressure begins to rise before right depend on which point of 
measurement one considers. Making allowances for random variation in the con- 
trol pressure, the rise following the beginning of infusion is simultaneous at points 
I, 2 and 3, but at point 4 a significant rise in left atrial pressure occurs before any 
significant increase in right pressure. 

The reason for the simultaneous rise of both atrial pressures at points i and 2 
shown on the first infusion beat is not clear. The increase in left atrial pressure 
apparently is not due to an instantaneous transmission through the pulmonary cir- 
cuit, This could not be expected to elevate pressures other than at the Vpoint. But 
as shov,*n in figure 4 pressures are elevated at all points on the venous curve. This 
could be c.xplained by a shift of the inter-atrial septum, but this appears to be excluded 
by the fact that the rise of pressures at the V point is greater on the left. 

Infusion into the left atrium of the same dog at the same rate produces an en- 
tirely different effect as might be expected. Figure 4 reveals that left atrial pressure 
increases promptly and to a considerable e.xtent on the first infusion beat. No sig- 
nificant rise in rigiit atrial pressure had occurred at any of the measured points by 
tlie twelfth infusion beat, at which time the infusion was terminated. However, the 
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maximum left atrial pressure level did not exceed that finally achieved when saline 
was infused into the right atrium except at point 4. It should be noted, however 
Oiat control pressure at point 4 in the case of left atrial infusion was greater (4,7 mm! 
Hgj than the comparable control pressure in the previous case (3.5 mm. Hg). The 
total pressure increase in the two cases was, therefore, not greatly different. 



iTifiisioj] Begins Infasion Begins 

Fig. 4. Atrial pressure changes in successive cycles during rapid in traa trial saline infusion. 
Open circles, left atrial pressure at indicated points; solid circles, right atrial pressure at indicated 
points (see figure 2). Abscissae, mm. Hg; Ordinates, successive beats. 


Little difference in the time at which aortic and pulse pressure began to increase 
was noted in this or other experiments when saline was infused into the right and 
left atria alternately. A comparison of systolic and diastolic pressures in consecutive 
beats during such a pair of infusions (table 2) shows that pulse pressure began to 
increase not later than the second infusion beat. Since infusion began in the right 
atrium during early diastole of the fourth control beat tabulated, the aortic pressure 
showed a significant rise on the succeeding beat. ,However, in the case of the left 
atrium, infusion began early in systole so a rise is not noted until the second infusion 
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beat. For this reason it appears that there is little or no difference in the time at 
which aortic pressure increases. ... 

The pulse pressure level increased somewhat faster in the case of left atrial in- 
fusion but systolic and diastolic pressure did not reach as high a level as when infusion 
was into the right atrium and pressures tended to fall before infusion was terminated. 
This is probably explained by the earlier arrival of the saline at the periphery, thus 
reducing peripheral resistance. The change of pulse pressure in the early infusion 
beats, perhaps to the sixth beat (at which time the peripheral viscosity factor ap- 
pears), indicates a marked increase in cardiac output as a result of the intra-atrial 
infusion. 

The failure of right atrial pressure to rise when a very rapid saline infusion is 
made into the left atrium has several significant features. In the first place it in- 
dicates that a rise in left atrial pressure does not reduce right cardiac output through 
back pressure effects. In all probability right venous return is augmented during 


Table 2. Aortic pressure changes occurring as a result of intra-atrial saline infusion. 
Infusion rate, 18 cc/iim. Same cycles as in figure 4, 



CONTROL 

INFUSION BEATS 

CYCLE NO 

1 

2 { 

1 

3 

4 

1 

2 

3 

4 

5 

i 

7 1 

1 

8 

9 

10 

11 

Syst 

1 

100 ! 

100 

97 ’ 

1 

99 ' 

104 

108 

118 

123 

139 ' 

iSt 

164 






Infusion of Right Atrium 


Biasl 

71 

! i 

63 

— 

74 j 

1 77 ! 

8s : 

91 

99 

107 

1 IIS 


IIS 


■ 

P. P 

29 

! 1 

29 


1 1 

3X 

33 

32 

40 

44 

49 


S3 


■ 


Heart rale i6j/min. except in beats 8, 9 and 10 Trhcre rate = 130/min. 


Syst 1 

9 S i 

103 1 

1 ^03 1 1 

I 108 j las 1 136 i 140 j 143 
Infusion of Left Atrium 

i I 4 S 

1 147 

i 146 

1 140 

1 138 

1 140 

Diast 

70 i 


73 ■ 

79 

90 ] 98 

99 

100 

1 100 

1 99 


1 94 

1 88 

i 

P. P 

28 1 

1 

31 ! 

1 

29 1 

29 1 

3 S 1 38 

41 

43 

1 

j 48 

1 ! 

[ 46 

so j 

S 3 


No change in heart rate, i6a/rain. 


the late infusion beats since the changes in pulse pressure indicate an increase in 
systolic discharge, although this is not reflected by any significant rise of right atrial 
pressure. In the second place, if it is assumed that right heart output is not decreased 
by the greater left atrial pressure, then the pulmonary arterial and/or capillary bed 
must accommodate an increase in volume roughly equal to the infusion volume with- 
out back%vard pressure effects on the right heart. The recent observations of 
Coumand (g) on the pulmonaiy' bed capacity indicates that this is possible. Thirdly, 
the magnitude of the atrial pressure rise, particularly at point (4), offers further 
evidence that an atrial septal shift is not involved in the simultaneous pressure in- 
creases noted when saline was infused into the right atrium. 

The obscrv'ation that right intra-atrial saline infusion produces a greater increase 
of pressure in the left atrium than in the right raised the question of the volume- 
elasticity characteristics of the atria and their associated great veins. It is evident 
that the pressures at points i, 2 and 3 tend to be determined by the venous inflow, 
by t'ne caiiacity and ela.slicity of the atria, large veins and ventricles, since these 
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are freely communicating cavities. However, at point 4 the A-V valves are closed 
and the atrial pressures are functions of the inflow, capacity and elasticity of the 
atria and the great veins. On anatomical ground one would expect that the left 
atrio-venous system would have a greater volume-elasticity coefficient (more rigid) 
than the right since it has a smaller capacity, and the left atrial walls appear thicker 
(not necessarily so in the dog, but apparently so in the human (2)) and at equilibrium 
the inflow is the same into right and left heart. However, to the best of our knowl- 
edge differences in volume-elasticity relations of the two atria have never been demon- 
strated experimentally in the intact mammal. Our experiments offered an 
opportunity to at least study this in a semi-quantitative manner. Two different 
infusion rates were employed, right and left atria receiving an infusion alternately 
at each rate, sufficient time being allowed for recovery between observations. The 
increase in atrial pressure at the various points on the same side as the infusion were 
measured one second after the beginning of infusion and the values plotted against 
the infusion rate, as illustrated in figure 5. We now have a simple volume-pressure 




Rig* S- QuASi-voLUME-ELASirciTV CURVES of the right and left atrio-venous-ventnctdar cavities 
at various points of the atrial cycle. 

relation graph in which the pressure change was measured and the volume is a func- 
tion of the infusion rate (which was constant), plus the animal s own venous return 
which was assumed to be constant. It is obvious that this is a crude demonstration 
and that the volume-pressure relation caimot be given in quantitative terms. ^ It 
does indicate, however, that the left heart is a less elastic structure than the right 
since the same volume inflow results in a greater left atrial pressure. We are par- 
ticularly impressed with the restricted distensibility of the left atrio-venous system 
and, conversely, with the apparently great ability of the right atrio-venous system 
to store blood without a significant increase in pressure. 

' C. Efect of hemorrhage on swi'iiUaiieously recorded airial pressures. Dogs were 
bled from the femoral artery at the rate of 50 cc. per minute. Both right and left 
atrial pressures were observed to decrease simultaneously, but the rate of declme 
was faster for left atrial pressure than for right. The data from one hemorrhap 
experiment have been assembled in table 3 - Atrial pressures were measured at the 
four usual points. Note that at each point the total decrease m pressure is greater 
bi the left than in the right atrium. 
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The greater decrease in left atrial pressure than in right %vill of course decrease 
the pressure gradient from left to right across the interatrial septum, and if an inter- 
atrial shunt were present it would decrease the rate of flow into the right atrium 
from the left. However, the direction of the gradient would not be reversed until 
the animal had progressed to a moribund state. 

D. Effect of increased peripheral resistance on atrial pressures. An increase in 
peripheral resistance in the intact animal produces a complex series of circulatory 
adjustments. Theoretically, right venous return should decrease due to vasocon- 
striction thus reducing right venous return, atrial pressure, and right heart output, 
resulting ultimately in decreased left heart output. Such a sequence is not observed 


Table 3. Changes in left and right atrial pressures resulting prom hemorrhage. Pres- 
sures MEASURED AT POINTS INDICATED IN PIGURE 2 


rOIKT 

j 1 2 3 4 

CYCLH 

LENGTH 

Atrial pressure 

mm. Hg 1 

mm. Hg 

mm. Hg 

mm.Hg 

seconds 

Control 

.Al.P. 135/roi Rt 

■ 

9-5 

8.0 

2.0 

3-5 

S -2 

8.0 

0.34 

Lt 


50 cc. out 

A.P. 124/90 Rt 

i 5 -S 

6.8 

9.0 

8.2 

1.7 

3-0 

S-O 

6.8 

0.34 

Lt 


150 cc. out 

A.P. 07/67 Rt 

4.8 

5*5 

8.0 

6.3 

I-S 

3-0 

4.5 

4-5 

1 0-34 

Lt 


250 cc. out 

A.P. 57/35 Rt 

4-5 

4.0 

7.0 

4.0 

1,8 

1 .0 

4-0 . 

4-5 

0.38 

Lt i 


Total Dec. Rt ' 

Lt 

- 1-5 

- 3-3 

-2-S 

-4.0 

1 

i— 0. 2 

-2,5 

— 1.2 

‘- 3 -S 




in the intact animal, however, because the emptying of blood reservoirs and the 
increased arterial pressure serv'e to maintain or even increase right venous return 
and cardiac output may increase (8). 

Since increasing peripheral resistance results in such profound circulatory ad- 
justments, it was desirable for our purposes to observe the effect on simultaneously 
recorded atrial pressures. The increase in peripheral resistance was achieved by 
stimulation of the central end of the dmded left vagus by means of an electrodync 
stimulator. Stimulation was continued until the aortic pressure reached a plateau 
and l)Cgan to fall. 

Segments of a record from one such c.\-perimcnt arc reproduced in figure 6. After 
i8 sccontls of left central vagus stimulation (segment B) aortic pressure was elevated, 
but there was no significant change in left atrial pressure at any of the measured 
points. Right atrial pressure increased only slightly, the change lieing 0.5, 2.2, 0.9, 
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and 0.5 mm. Hg at points i, 2,3, and 4 respectively. After 28 seconds of stimulation 
(segment C) aoitic pressure readied a maximum with left atrial pressure increasing 
on an average of 7 or 8 mm. Hg at the respective points. Right atrial pressure 
showed no significant change from the preceding record, nor did it change appreciably 
w'ith continued stimulation (95 sec., segment D). Following the cessation of stimula- 
tion (segment E), aortic and left atrial pressures decreased tow'ard control level, but 
w'ere still somew'hat higher than before. 

It is obvious that complex circulatory adjustinent resulted from the increase 
in peripheral resistance occasioned b}’ the vagal stimulation. Questions arise as to 
whether cardiac output increased, whether systemic \'enous return increased, as to 
the effect of the slight changes in heart rate on atrial pressures and a myriad of other 
aspects of the compensation. How'ever, the analysis of these questions is bei'ond 


A B C B E 



Fig, 6. Effect of cf.ntral vagal stimulation on right and left atrial pressures simultaneously 
recorded. .A-P, aortic jiressure curve; L-A-P, right atrial pressure curve; A, control; B, after iS 
seconds of stimulation; C, after 28 seconds; D, after 38 seconds; E, recovery (incomplete). 

the scope of this paper. The significant point here is that left atrial pressure increased 
far more than right, thus increasing the gradient from left to right atrium across the 
interatrial septum. Had an interatrial shunt been present a rather large quantity 
of blood w'ould have undoubtedly passed back into the right heart circuit. 

E. Efecl of lung inflation on atrial pressures in the open chest dog. The artificial 
respiratory rate in the various e.xperiments ranged from 10 to 20 cycles per minute. 
Some variations of atrial pressure wfith respiration w'ere observed in all experiments, 
but the amplitude of these variations was surprisingly small. Both right and left 
atrial pressure increased slightly with the positive pressure inflation and decreased 
with the passive deflation. This effect of respiration w^as observed consistently. 

Since the respiratory cycles were rather short in most experiments (ca. 3 sec.), 
the effect of inspiration and expiration on atrial pressures w'as intensified by main- 
taining the lungs in a state of inflation or deflation for a period of five or six seconds 
and observing the changes in atrial pressure after a new^ equilibrium had been es- 
tablished. As compared to the pressures during expiration, maintained inspiration 
invariably caused both right and left atrial pressure to increase, the right much more 



270 


OPDYKE ET AL. 


Volume Jj4 


than the left, and aortic pressure decreased lo to 20 mm. Hg with pulse pressure in- 
creasing only slightly. Segments of records made during expiration and maintained 
inspiration are reproduced in figure 7. 

The rise in right atrial pressure as shown in figure 7 is usually greater than that 
of the left. In the case illustrated, right atrial pressure at points 1,2,3, ^^^rid 4 during 
e.xpiration were 3.8, 6.4, 4.5, and 4.0 mm. Hg respectively, but during maintained 
inspiration the values were 7.8, 11.2, 7.9, and 9.0 mm. Hg. Comparable left atrial 
pressures during expiration were 5.0, 8.0, 7.0, and 9.0 mm. Hg and during maintained 
inspiration 7.2, 11.2, 9.0, and 10.8 mm. Hg. From these experiments it appears 
theoretically possible that a maintained positive pressure inspiration in an open chest 

■ ' - ■ ,1 


LcftAttial 



Expiration Maini^ined Inspiration 

Hg. 7 . Kri KcT OK u'NO i.N'Fi..\TioN (ojwn chiat ) on right and left atrial pressures simultaneously 
recorded. 

dog would tend to reduce or reverse the flow of blood through an interatrial septal 
defect. In some instances the right pressure was augmented considerably more dur- 
ing inspiration than in the case used for illustration. 

'I'hc results of this investigation confirm the numerous reports that left atrial 
j)re.=sure exceeds the riglit in the dog, although exceptions were noted. However, 
the question could he askerl whether the difference is apparent or real. Since the 
right atrium is above and jiarlially overlying the left when the dog is in the suj)ine 
])osilion there is a ]>ossibility that the left atrial pressure is greater because of a differ- 
ence in the hydrostatic level of tlie atria. 

We have demonstrated to our satisfaction that the <liffcrence is real by the 
rxjK-dient of tilling the o|)cn thorax with .saline to a depth that covered the beating 
heart am! recording sirnuUaneous atria! pressures while using the upper level of the 
saune a common pre^-ure reference level, 'rids obviated any difference in hydro- 
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Static level. The pressure difference existing between the atria was unaffected by 
this procedure. The greater left atrial pressure must result from a more restricted 
distensibility of the left atriovenous system and not to gravitational factors as sug- 
gested by Uhley (12). Wdien one considers that at equilibrium right and left atrial 
inflows are equal the finding of a real pressure difference between the atrial pressures 
confirms a prediction which might have been made on the basis of the volume- 
elasticity curves previously presented. 

Proceeding on the assumption that the left atriovenous system has a greater 
volume-elasticity coefficient than the right it can also be predicted that a wider range 
of pressure fluctuations would be encountered in the left atrium. Re-examination 
of the curves and data reveals that this is true. Left atrial pulse pressure is almost 
always greater due chiefly to the relatively high pressure created by the atrial inflow 
during the time the A-V valves are closed. This is in accord with the thesis that the 
left atriovenous S3'^stem has a restricted distensibility. The greater fluctuation of 
left atrial pressure is also demonstrated by alterations in the rate of atrial inflow. 
Increased inflow (infusion and probably stimulation of central vagus) invariably re- 
sulted in a greater elevation of left pressure, whereas decreased inflow (hemorrhage) 
lowered left pressure more than right. It has been commonly assumed that the range 
of pressure change in the left atrium parallels that of the right. It is apparent that 
this assumption is not entirely justified. Care must be exercised, therefore, when 
making calculations invohdng pulmonary arteriovenous pressure differences in which 
the venous pressure change is estimated. There is grave danger that the left atrial 
pressure change may be underestimated. 

If atrial inflow is relatively constant the pressure within the atrial cavity during 
a single cycle will vary in accordance with the outflow (ventricular filling) and the 
volume-elasticity characteristics of the atrium. Changes in atrial inflow are, there- 
fore, difficult to judge unless the degree of ventricular filling is known. This diffi- 
culty can be empirically obviated if one infers changes in atrial inflow from the change 
in atrial pressure only at the beginning or end of ventricular filling — the V or Z point. 
At these stages the outflow from the atrium is zero or negligible and pressure is rela- 
tively high. The atrial volume elasticity coefficient is greater and hence an increase 
in volume inflow will result in a more marked pressure elevation. For this reason it 
seems preferable to estimate changes in venous return on the basis of a pressure change 
at a single point of the atrial cycle rather than from changes in mean atrial pressure 
alone. It has been our experience that the major deformation of atrial pressure 
curves by artifacts occurs during the time of ventricular systole. When only mean 
atrial pressures are calculated such deformation may be sufficient to mask significant 
changes in atrial pressure during other portions of the cycle. This is particularly 
important when dealing with right atrial pressure, since the volume elasticity co- 
efficient is low and only a slight change in pressure results from a relatively large 
change in inflow. 

Two independent investigations (i, 2) have shown left atrial pressure to be 
greater than right in the presence of an interatrial septal defect in human subjects. 
Unfortunately, normal left atrial pressures have not been determined in the human 
for obvious reasons. Therefore, it is difficult to say whether or not these high left 
atrial pressures should be considered pathological. However, the observation of a 
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left to riglit atrial pressure differential in the open-chest dog is tenuous evidence that 
the high left atrial pressure observed in humans with interatrial septal defects is not 
entirely pathological. An incomplete series of experiments on dogs in which inter- 
atrial septal defects have been experimentally produced indicate that the pressure 
differential continues to exist. The observation that increased venous return always 
augments left atrial pressure to a greater extent than right negates the possibility of 
using infusion as a means of decreasing the pressure difference between the atria. 
This is a possible explanation for the failure of rapid infusion to reverse the direction 
of flow through an interatrial septal defect in a human patient as has been reported (i). 

SUMMARY 

Right and left atrial pressure pulses have been simultaneously recorded in thirty 
open chest dogs . No consistent synchronicity or as3mchronicity between comparable 
events in the two atria was observed. Left arterial pressure is usually greater than 
right during the entire atrial cycle, but the direction of the pressure gradient across 
the interatrial septum may reverse during a cycle. 

The pressure relation between the atria was also studied under various circula- 
tory conditions. Rapid blood or saline infusion always increased left atrial pressure 
more than right, as did central vagus stimulation. Hemorrhage decreased left atrial 
pressure more than right. The existence of a pressure gradient and the variations 
thereof is due to a difference between the volume elasticity characteristics of the 
atria, the left atrio-venous system being less distensible than the right. 

Changes in atrial inflow are most correctly inferred from changes in atrial pres- 
sure just at the beginning or end of ventricular filling. The atrial volume elasticity 
coefficient is greatest at these points since the A-V valves are closed and a relatively 
small change in inflow will produce a relatively large change of atrial pressure. 

The greater volume elasticity coefficient of the left atriovenous system accounts 
for the greater left atrial pressures found in cases with interatrial septal defects and 
indicates that the elevated left atrial pressure is not entirely pathological. Further- 
more, the more restricted distensibility of the left atrium accounts for the failure of 
infusions to reverse the direction of blood flow through the shunt. 
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DYNAMIC EFFECT OF INSPIRATION ON THE SIMULTA- 
NEOUS STROKE VOLUMES OF THE RIGHT AND LEFT 

VENTRICLES^ 

ROBERT D. SEELY= 

From the Department of Physiology, Western Reserve University Medical School 

CLEVELAND, OHIO 

T he dynamic effects of inspiration and expiration on the systolic discharge 
of the right and left ventricles have been frequently studied with contradic- 
tor}’' conclusions. According to one view’point, the act of inspiration in- 
creases venous return and elevates effective right atrial pressures both in animals (i) 
and in man (2). It is believed that this causes a larger stroke volume of the right 
ventricle (3, 4). However, the larger discharge is more than accommodated by the 
increased capacity of the pulmonar}’' bed which results from lung inflation. The 
increased capacity of the pulmonary vascular bed during inspiration is beheved to 
effect an accumulation of blood in the lungs and to reduce the flow t‘b the left heart. 
Consequently, effective left atrial pressure decreases, left ventricular discharge di- 
minishes, and aortic pressure declines. 

According to another view, inspiration is without effect on venous return or effec- 
tive auricular pressure. Consequently the stroke volume of the right ventricle re- 
mains nearly constant. The elevation in effective pulmonary arterial pressure is 
attributed to an increase in pulmonary resistance brought about by lung inflation. 
In support of this view are the recent observations of Duomarco (5) that similar rise 
of pulmonary arterial pressure occurs during lung inflation when the output of the 
right heart is kept constant by artificial means. Furthermore, according to Visscher 
(6), the increased capacity of the pulmonar}’- vessels observed when the lungs are in- 
flated may not take place when the head of pressure as well as the lungs are inclosed 
in a chamber in which the varying negative pressure can be reduced. Under these 
more physiologically correct conditions the pulmonary vascular bed is said to de- 
crease and the resistance to increase. The inspiratory decline of aortic pressure 
recorded against a constant atmospheric pressure is generally interpreted as a trans- 
mission of the decreasing intrathoracic pressure to the aorta. 

METHODS 

This investigation was undertaken to evaluate simultaneously changes in right 
ventricular stroke volume by meticulous measurement of effective right atrial pres- 
sure and alterations in the stroke volume of the left ventricle by a careful study of 
aortic pressure pulses. Observations were made during natural breathing and deep 
breathing following vagotomy in dogs. Dogs were anesthetized with morphine and 
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sodium baxbital. Aortic pressure was recorded by means of a Gregg manometer con- 
nected to a sound introduced through the carotid artery and right atrial pressure by 
a similar connection to a jugular sound. Since intrathoracic pressure apparently 
varies in different portions of the chest (7, 8), an intrathoracic cannula connected to 
a Frank segment capsule which could be standardized against a water manometer 
was thrust through the chest wall in the third left interspace so that its tip lay in close 
proximity both to the tip of the right auricle and root of the aorta. As indicated in 
figure r, the technique employed was that of Wiggers, Levy, and Graham (8) who 
compared pressure relations in several regions of the chest, but not in the space 



Fig. I. Position of iNTRAXHORACac 
CANNULA ia relation to right auricle and 
aorta. 


surrounding the right atrium and aorta. Once in position, a cavity was created by 
simpb' rotating the flat-tipped cannula in various directions until a smoothly re- 
corded cur\*e with superimposed variations was obtained. The location of the 
cannula was verified by post-mortem examination in all experiments. In this way 
the true pressure differences betv,’een the interior and exterior of the right atrium and 
aorta could be determined at cvcr>’- moment of the cardiac and respiratory cycles. 


EESULTS 

Illnstralive records are shovm in figure 2. Records A and B v.'crc obtained from 
naturally breathing animals; records C and D, during prolonged deep inspiration 
resulting from vagotomy. It will be seen at a glance that the cardiac variations of 
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intrathoracic pressure in -the space around the right atrium and aorta in acceptable 
records are characterized by a significant diminution during atrial contraction and 
a slight elevation during ventricular systole. (Fig. 2 A, marked i and 2). There- 
fore, in determing effective atrial and aortic pressures at any point of the cardiac cycle 
simultaneous values of intracardiac pressures must be utilized. 





Fig. 2. Four records showing successive changes in intrathoracic, aortic, and right atrial 
pressures during inspiration and expiration; A and B during natural breathing; B and C after vagot- 
omy. Time in .02 second. About | actual size. A, lines i and 2 shoving changes of pressure around 
atrium and aorta due to atrial and ventricular contractions. Lines A, Z, and V show points at which 
corresponding pressures were measured at peak of atrial systole, at onset of ventricular contraction 
and at beginning of ventricular filling. 


In order to obtain a complete analysis of effective pressure variations the atrial ■ 
component was measured at three points of the cardiac cycle, viz., i) the peak of atrial 
systole, 2) the beginning of ventricular isometric contraction and 3) the point of 
maximal atrial volume. These points are marked A , and F, respectively, on one 
of the records of figure 2. Simultaneous points on the intrathoracic pressure curve 
were then measured and the effective pressure calculated as the algebraic difference 
of these two values. Such measurements of records from io experiments yielded 
the following results. In three, atrial pressure showed no measurable difference; 
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in three it decreased a trifle more during inspiration (ca. i mm. Hg) than extracardiac 
pressure, i.e., effective pressure was reduced a trifle. The reduction in effective pres- 



Fig. 3. Rr,ij\TioK of pulse pressure and aortic diastolic pressures to right atrial pressure and 
extracardiac pressure measured at corresponding A, Z and V points. In lower three records: open 
circles <= atrial and crosses >= extracardiac pressures. Changes expressed in mm. Hg from control 
expiratorj' bcat- 

T'vo respiratory cycles are shown; tlic first after vagotomy, the second with a mild tracheal 
occlusion during inspiration. 7, onset of inspiration; E, of expiration. 

sure was slightly greater at the peak of inspiration after vagal section. In four ex- 
periments a slight increase in effective pressure occurred during inspiration, but again 
this was of small magnitude (i mm. Hg or less). In only one instance following vagal 



August ig4S 


INSPIRATTOISr AND STROKE VOLUjVIES 


277 


section was an increase of effective atrial pressure of 3.7 mm., 2.2 mm., and 3 mm. Hg 
noted at the A, Z, and V points, respectively. 

Figure 3 shows a plot of tlie relative pressure changes within and around the right 
atrium as measured at the A, Z, and V points during a deep inspiration and expira- 
tion. The very close correspondence between changes in intra- and extra-atrial 
pressures is remarkable. During the second respiratory cycle plotted the tracheal 
tube was slightly occluded during inspiration only. This has the interesting effect 
of reducing intra-atrial somewhat more than extracardiac pressure, decreasing rather 
than increasing effective venous pressure. 


Table i. Changes in aortic diastolic pressures (expressed in numerators) and extra-aortic 

PRESSURES (minus QUANTITIES IN DENOMINATORS) DURING CONTROL BEAT IN EXPIRATION 
AND IN CONSECUTIVE INSPIRATORY BEATS 


EXPT. 

EXPIRATION 

CONTROL 

INSPIRATION BEAT NO, 


BEAT 

1 

2 

3 

4 

S 

6 

1-4 

1S0/-4.1 

I 47 /-S .8 

147/- 7. 8 

148/- 7. 9 




1-5 

103/-4.8 

102/-5.7 

loi/— 9.8 





2-2 

86/- 13. 5 

76/- 18. 5 

74/- 23 - 

i 


1 


2-9 

116/— 11.5 

114/— 11.2 

109/— 14.6 

105/— 16.2 

108/— 16.4 

109/— 16.6 


3-6 

103/- 6. 9 

101/-7.3 

96 /- 8.7 

89/— 16.4 

85/- 14 



4-3 

II3/-3-9 

ri2/-4.x 

107/-4.8 

106/— 6.1 

106/ — 7.0 



5-4 

90/- 6. 4 

88 /- 8. 9 

83/- II. I 

86/— 1 1. 2 

85/-II.2 



6-S 

100/— 4.6 

91/-8.4 


94/-9.1 

93/-IO.8 

97/-11.4 

97/-14.6 

7-2 

108/— 6.9 

107/— 6.9 

' 106/— 7.9 

' 105/-8.7 




7-4 

118/— 6.0 

117/-6.9 

II 7 /- 7.4 

‘ 118/-8.6 

II9/-9.I 

120/— 9.1 

129/— 11 .2 

8-2 

109/- 5. 8 

108/— 6.0 

I 05 /- 7.1 

102/— 8.6 

106/-8.8 



8-6 

967-5.9 

94/- 7. 2 

93 /- 8.4 

99/- 9. 1 

100/— 9.8 

107/— 10.2 


9-6 

88/- 6. 4 

877-6.9 

86/-8.0 

857-9. 1 

86 /— 10.2 

87/— II.O 


10-4 

94/4.7 

90/-5.8 

897-7.9 

88/-8.0 


1 



All figures in mm. Hg. 


Many observations such as these have failed to show that the act of inspiration 
has any effect in drawing blood into the thorax or in altering the systolic discharge 
of the right ventricle. 

Since the intrathoracic cannulae also overlay the aortic region it was possible 
to determine the degree of correspondence between changes in diastolic-aortic pres- 
sure and extra-aortic thoracic pressures at the same moment. Obviously this needed 
to be done in experiments in which the heart cycle was absolutely constant. This 
was possible in a number of barbital anesthetized dogs, but in most instances could 
only be accomplished by vagus section. In the simplest types of records, one of which 
is illustrated in figure 2A, systolic and diastolic pressures decrease during inspiration, 
the latter slightly less than the former, i.e., the pulse pressure decreases a little. 
Calculations of the three inspiratory beats revealed that the decline of diastolic pres- 
sure compared to a preceding normal beat equaled 4, 5 and 6 mm. Hg respectively. 
The corresponding extra-aortic pressures for the same three beats changed much less, 
being equivalent to i.i, 3.2 and 3.3 mm. Hg. This relationship was rather con- 
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sistently found in all experiments during the initial portion of the inspiratory cycle 
(table I). Obviously the decline in diastolic aortic pressure is greater than the re- 
duction in extra-aortic pressure and the latter cannot be used to give a quantitative 
estimate of the change in intrathoracic pressure around this vessel or the right atrium. 

^^dlen inspiration becomes deeper and prolonged after vagal section quite a large 
number of beats occur during this cycle, as shovm in figure 2C. In such a case the 
diastolic pressure decreases during the first two or three beats only; thereafter it rises 
and the pulse pressure becomes even greater than in control expiratory beats. A 
detailed plot of numerical values showing the magnitude of changes in diastolic pres- 
sure compared to corresponding alterations in aortic pressures is shown in the plot 
of figure 3 . This plot also reveals that the augmentation of diastolic and pulse pres- 
sures is carried over into the phase of expiration and only slowly returns to control 
levels during the subsequent phase of respiratory apnea. 

Since the configuration of aortic pressure pulses is not changed, such alterations 
in pulse pressure may safely be used as an index of directional changes in systolic 
discharge of the left ventricle. According to such a criterion it seems apparent that 
the systolic discharge is slightly decreased during the first two or three beats of an 
inspiratory act, but if this is prolonged the systolic discharge becomes progressively 
greater and exceeds the control. 


DISCUSSION 

The results obtained by comparing instantaneous pressures in regions around 
the right atrium and aorta with pressures within these portions of the circulatory 
system are considered important from a number of angles. 

Under normal conditions and an absolutely regular cardiac rhythm the inspira- 
tory changes of instantaneous pressures in the right atrium measured at the summit 
of atrial systole (A), onset of ventricular contraction (Z), and beginning of ventricular 
filling (F) are identical with pressure changes in the surrounding intrathoracic space. 
However, this has been demonstrated only in dogs during natural respiration and 
under normal conditions; it must be applied with caution to man in abnormal con- 
ditions. On the contraiy, the changes of intra-aortic pressure are by no means a 
reliable criterion of changes in pressure around the right atrium and aorta and may not 
be used in calculations of changes in effective venous pressure. 

An analysis of changes in right and left ventricular stroke volumes during in- 
spiration based solely on probable changes in effective right atrial pressures and 
changes in aortic pulse pressures leads to the following conclusion: \\dien not more 
than three cardiac beats occur during inspiration, right ventricular filling and pre- 
sumably systolic discharge remain unaffected; but the left side stroke volumes are 
reduced. This explains the reduction in pulse pressure and fall in diastolic pressure 
which is grcxitcr than the decline in extra-aortic pressure. This combination of dy- 
namic events favors the view that blood is stored in the lungs during early inspira- 
tion. 

When more tlian three heart beats occur during inspiration, aortic diastolic, 
systolic, and pulse pressures ail increase, even considerably beyond apncic control 
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levels as shown in figure 2C and D. It is difficult to interpret these changes nthpr 
wise than that the systolic discharge during the fourth to sixth inspiratoiylieats are 

d" ” teTeT T, inspLto/beats 

^vpr f ^ '' '''' inspiration. How- 

ever, the effective right atrial pressure changes (fig. 3) offer no evidence that the out- 
put of tlie right ventricle is changed at all during prolonged deep inspiration. One 
of two possible deductions can be drawn; either the pulmonary circuit yields an 
additional supply of blood to the left heart through mechanical effects of lung in- 
a ion ore anges in effective right atrial pressures, even when meticulously measured, 
do not offer a trustworthy criterion of inspiratory changes in venous return which are 
sufficient to affect right ventricular filling and discharge and, after a delay, the left 
atrial filling and left ventricular discharge. No new evidence was obtained as to 
which of these mechanical factors operates solely or dominantly. However, recent 
studies (9) have shoivn tliat owing to the large capacity of the atrio-caval system small 
changes in venous return may not cause measurable differences in right atrial pres- 
sures although left atrial pressures are affected. Smee it is difficult to visualize any 
scheme of pulmbnarj’- meclianism by which blood is retained during the early phase 
and moved fonvard during a later phase of prolonged inspiration, it appears probable 
that alterations of venous return and right ventricular output are responsible, even 
though right atrial pressure changes are not detectable. 


SUMMARY 

1. A technique is described by which changes in right atrial and aortic pressures 
during inspiration and expiration can be compared with simultaneous changes in 
intrathoracic pressure immediately around these structures. 

2. Calculations of effective right atrial pressure at three moments of the cardiac 
cycle lieight of atrial contraction, beginning of ventricular systole and onset of 
ventricular filling — failed to reveal evidence that the act of inspiration augments the 
return of venous blood and right ventricular input. 

3. However, this inference must be tempered by a realization that a fair increase 
in venous return may occur without a measurable increase in effective venous pres- 
sure (9). That this occurs also during inspiration is strongly suggested by coincident 
registration of other dynamic changes. 'V^fflen six or more heart beats occur during a 
long deep inspiration, such as follows vagotomy, aortic, diastolic, and pulse pressures 
increase after the third beat of an inspiration, while effective right atrial pressures 
remain unchanged. It is difficult to conceive of a type of pulmonary mechanism 
whereby blood is apparently retained during the early phase of inspiration and larger 
quantities are moved toward the left side during late inspiration, — all without any 
change in stroke volumes of the right ventricle. 

The conclusion follows that failure to detect measurable differences of effective 
right atrial pressure does not necessarily preclude the occurrence of changes in right 
ventricular filling and discharge during inspiration. 

The writer desires to express to Dr. C. J. Wiggers his gratitude for supervision of the experi- 
mental work and for aid in preparing the manuscript. 
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N atural defects of the interventricular septum caused by developmental 
arrest are unquestionably accompanied by slow compensatory functional 
reactions on the part of the two ventricles. Their nature can only be in- 
ferred from autopsy studies. However, such interpretations may apply to end re- 
sults caused by decompensations rather than to true dynamic consequences of the 
lesion per se. 

For this reason the immediate dynamic alterations following an artificial com- 
munication between the ventricles of mature dogs was studied with the hope that the 
dynamic alterations may be applicable to defects which are produced naturally. A 
large external shunt rather than a surgical fenestration of the septum was used for 
two reasons; i) surgical defects comparable in size to those that occur naturally are 
difficult to produce without involvement of the conduction system and consequent 
alteration of the dynamics of the heart beat; 2) immediate and sequential dynamic 
alterations can be better evaluated when a communication exists which can be al- 
ternately opened and closed. 


METHODS 

Dogs under morphine-barbital anesthesia, weighing from 10,5 to 20 kilograms, were subjected 
to the following surgical procedures: cannulation of femoral vein, trachea, carotid artery and mid- 
sternal exposure of the heart. The heart was cradled in the pericardium, care being taken not to 
embarrass venous return or heart action. Interrupted positive air pressure was used for artificial 
respiration. 

Shunts of numerous designs and sizes were tested. ’ The one finally found to be most suitable is 
sho^vn in figure i. It consisted of two brass cannulas of 7 mm. bore, the one for the left ventricle 
being slightly longer than the one for the right. These were connected by a short segment of heavy 
rubber tubing. A strong hemostat on the tubing served to open and close the communication. 

Intraventricular pressures were recorded by calibrated manometers of the Gregg type. In early 
experiments, number 16-gauge needles connected by flexible lead tubing to the manometer were thrust 
through the walls of the ventricles at points on the heart which were observed to show the least move- 
ment during contraction and relaxation. In later experiments they were combined with the shunt, 
as shown in figure i. Aortic pressure pulses were similarly recorded by a sound passed down the caro- 
tid artery. Heparin (0.4 cc/kilo of a i per cent solution initially, followed by 0,5 cc. every half hour) 
was used intravenously to prevent clotting. 

After control pressures had been recorded simultaneously from both ventricles by h5T3odermic 
needles inserted through the ventricular wall, the interventricular shimt was inserted in the following 
manner: The needles were removed from the ventricular walls and long-jawed, thin scissors inserted 
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into the needle holes. By opening the jaws, the superficial sinospiral fibers were separated until a 
hole large enough to admit one end of the external shunt was obtained. One cannula completely filled 
with saline was first pushed into the left ventricle. A hemostat clamped on the heavy rubber tubing 
kept blood from escaping from the left arm of the shunt, while the right cannula was being inserted. 
The two arms were then immediately joined by the rubber tubing and connections with manometers 
and needles rvere made. 

The effects of two types of experimental maneuver were recorded. In one, simultaneous right 
and left ventricular and aortic pressures were recorded and the shunt closed during the period of regis- 
tration. In the other the shunt Avas opened during the recording period. Records of stabil- 
ized effects were taken one to two minutes later. Pressure changes described below were calculated 
from the averages for the ten beats immediately before and after the opening or closing of the shunt. 
It was not possible to determine the changes in the first or second beats after the experimental maneu- 
ver because of artifacts and occasional extrasystoles induced by the manipulation of the hemostat. 
Each record thus consisted of three parts; i) control, 2) the opening or closing of the shunt including 
at least the next 10 beats and 3) a record taken one to two minutes after the experimental maneuver. 
This procedure did not prove universally successful. Of 26 experimental animals, 12 fibrillated dur- 
ing the insertion of the shunt. One heart suddenly became hypodynamic, but did not fibrillate. Of 
the remaining 13 successful experiments 4 were discarded because of the poor contours of the curves 

RESULTS 

The changes in pressure pulses from the left and right ventricles and the aorta 
after opening and closing the shunt are illustrated in figure 2 by one of the records 
from the nine good experiments. 

Comparison of segments A and B reveal that opening of the shunt elevates initial 
intraventricular pressure ( 9 <ii mm. Hg) and the maximal pressure (27<34 mm. 
Hg) in the right ventricle. The initial pressure in the left ventricle also rises (4 <7 
mm. Hg), but the pressure maximum declines (77 <64 mm. Hg). The obvious re- 
ductions in systolic, diastolic, and pulse pressure in the aorta indicate that the systolic 
discharge of the left ventricle was reduced. The heart rate slowed a little (154 
>149/ min.). 

In order to restore the stroke volume of the left ventricle and the aortic pressures 
approximately to normal levels, a continuous slow infusion of warm saline was given 
in this e.xperiment. The improvement which resulted while the shunt remained open 
is illustrated in segment C. The shunt was then closed A\dth the effects depicted in 
segment D. Comparison of these two records reveals that closure of the shunt re- 
duces the initial tension (i2> 8 mm. Hg) and the maximal pressure (34^ 29 mm. Hg) 
in the right ventricle, while it increases the .pressure maximum in the left ventricle 
(81 < 98 mm. Hg), but causes no measurable change (8 mm. Hg) in the initial pressure. 

The heart rate increased slightly (isi<i53/min.). 

A total of 46 records from nine good experiments similar to those of figure 2 
w-as measured and the results tabulated. This included data concerning changes in 
heart rate, initial and maximal pressures in the left and right ventricles during con- 
trol states, immediately and some time after opening the shunt and immediately and 
after rcclosing the shunt. In addition, the duration of systole and its relation to 
cv’cle length (S/C ratios) Avcrc measured. Changes in aortic pressure pulses were 
evaluated. 

Initial and maximal ventricular pressures. The immediate effects of opening and 
closing a slnmt on right and left ventricular pressures arc schematically summarized 
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by the diagrams of figure 3. In 18 records opening the closed shunt caused the follow- 
ing immediate effects: In the left ventricle maximal pressures decreased in all cases 
from 2 to 24 mm. Hg; initial pressure fell in one record, remained the same in 7 and 
increased in 10, the change varying from — i to -f 3 mm. Hg. In the right ventricle 
ma.ximal pressures increased in all cases from 2 to 17 mm. Hg; initial pressure fell in 
no case, remained the same in 7 and increased in ri, the change vaiyung from o to 
+ 6 mm. Hg. 

In 15 records closing the ojjcn shunt produced the following changes: In the left 
ventricle maximal pressures increased in all cases by 5 to 20 mm. Hg; initial pressures 
fell in four cases, remained the same in eight and increased in one, the change var}dng 
from —I to -}-i mm. Hg. In the right ventricle maximal pressures decreased in all 
cases by 3 to 15 mm. Hg; initial pressure fell in 3 cases, remained unchanged in 7 and 
increased in 3, the change varying from — 2 to -fi mm. Hg. 


Fig. I. Di.\gram illustrating the j)rinci[)icof an 
interventricular shunt and Uie registration of intra- 
ventricular pressures. 



Heart rate and systole/ cycle (S/C) ratios. In half of the experiments opening and 
closing of the shunt produced no changes in heart rate. In the others a slight in- 
crease occurred during opening and a slight decrease during closing of the shunt. 
Since these changes needed to be taken into account in determining the effect of inter- 
ventricular septal defects on the duration of right and left ventricular contraction, 
the well known expedient of determining systole/cycle ratios (S/C ratios) was used. 
Opening of the closed shunt generally caused the S/C ratio to increase in the left 
ventricle; in other words, contraction was prolonged with respect to cycle length 
(fig. 4, A — C). Although the peak of sj'^stolic pressure came earlier in the cj'^cle 
(fig. 4, A — ^B), the incisura came somewhat later and the result was a greater duration 
of systole. While the increase in the S/C ratio was not found in every record, in the 
majority of experiments the ratios indicated a prolongation of contraction by 5 to 10 
per cent. The changes in S/C ratios generally paralleled alterations in initial ten- 
sion. In these experiments closing the shunt caused the S/C ratio to shorten. 
Opening the shunt caused a more variable change in the right ventricle. Three ex- 
periments had records which showed an abbreviation of the S/C ratios, although 
other curx'^es in the same e.xperiments showed the expected increase (fig. 4)- Other 
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experiments analyzed showed the S/C ratio to increase consistently when the shunt 
was opened. 

The onset of systole preceded in the left ventricle when the shunt was closed in 
six experiments (fig. 4). Precedence of the left \^aried within the same e.xperiment 
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I'ig. 2 . ,1 , Pia;?5u;RK pui.kes from ihc left ventricle (upi)cr), right ventricle (middle), and carotid 
arten' (lower) under control conditions. B, c/Tccts of ojicning the shunt. C, eftccl o! rai.'ing .sy.slolic 
<lischargo by venous infu.^ion with shunt open. D, effect of closing shunt. Calibrations on right. 

only slightly — not more than .01 second in any case. The time b}' wliich the left 
preceded the right in these six cxjterimcnts varied from zero to .070 second. In mo.st 
of the records from two cxjteriments the ventricles contracted simultaneously. 
Opening the shunt did not alter the respective beginnings of systole in the ventricles 
appreciably ffig. 4). The chief importance of these observations is that thc\' give 
assurance that the dynamic alterations of the two ventricles rcjKirtcd were not due to 
abnormalities of ventricular e.vcitation. 
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Changes in conlours of right and left ventricular pressure pulses. As illustrated 
in figures 2 and 3, opening of the shunt caused the systolic pressure peak in the left 
ventricle to come earlier in tlie cycle. From this peak the pressure declined con- 
siderably during the remainder of systole. In other words, the pressure is not sus- 
tained owing to the decrease in total resistance occasioned by the shunt. The decline 
of pressure during isometric relaxation also occurred more quickly in the left ventricle 
when the shunt was open (fig.4, C — D). Closing this shunt resulted in opposite effects. 
In the right ventricle opening the shunt caused no decided change in the peak of 
systolic pressure as indicated in figures 3 and 4 (A — B). However, the summit usually 



Fig. 3. Diagram summarizing the effects of opening and closing shunt on left and right ventricu- 
lar pressures. Numerals indicate the number of cases in which the initial pressure changes mdicated 
by dotted lines were found. 


broadened. The duration of isometric relaxation was sometimes increased and some- 
times decreased (fig. 4, C— D). men theshunt was closed the effects again were more 

variable on the right side. _ -77, 

Effective pressure gradient between left and right ventricles on opening the shunt. 

It is obvious that the pressure gradient available for shunting blood from the left 
to the right ventricle must vary during successive moments of systole. The magm- 
tude of these differences was determined by superimposing the right and left ventnc- 
ular pressure curves brought to conunon ordinate values by means o reen s co 
ordirectograph. In figure 5, graph A shows the relation of the two pressures with 
the shunt closed. The diagonally shaded area in B indicates the effective pressure 
differences which eventuated in an actual experiment with the shunt open. s a 
result of a decline of pressures on the left and an elevation of pressures in the nght 
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ventricle the overall effective pressure difference is much less than normal pressure 
relations without a shunt lead one to believe. The r61e that a compensatory increase 
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Fig. 4. DrAGRAit illustrating 
changes in. duration of different phases 
of contraction and relaxation and rela- 
tive differences in the onset of right 
and left ventricular contractions. 
Two experiments are plotted. 
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Fig. 5. Graphs from actual 
records indicating pressure differences 
between the left (upper) and right 
(lower) ventricular cavities. A, nor- 
mal pressure differences; B, diagonally 
shaded area, pressure differences dur- 
ing opening of an interventricular 
shunt under experimental conditions. 
Cross-hatched area indicates extent 
to which physiological responses of 
right ventricle reduce the differential 
pressure between the two ventricles. 


in right ventricular pressure plays in reducing the pressure differences can be graphi- 
callyexprcssed by' drawing also a curv'c of the normal right ventricular pressure. In 
figure sB the crossed hatched area represents the effects of right ventricular compensa- 
tion. 
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; , interpretations 

'‘“‘f presented allow certain deductions as to the manner in which the 

mrlrz cT I “ interventricular comi 

mumcation Certain elementary physical facts are obvious. Since the pressure 

durmg systole reaches higher levels in the left than in the right ventricle, part of the 

isemllw“T '■iverted into the right ventricle while less 

expelled into the aorta. As a consequence, aortic pressure declines and right ventri- 
cular pressure increases during systole. 

One question appears ne^’•er to have been adequately analyzed. Is the higher 
ng It ventricular pressure maximum solely due to a summation of pressure energy 
developed by the right ventricle witii that transmitted from the left? Or does the 
right myocardium create more pressure energ>^ during systole by virtue of certain 
dynamic changes? The latter may be ex-pected to occur provided the right ventricle 
IS dilated sufiSciently to increase the initial length of its fibers. That such a stretch 
occurred in ii or 18 experiments is obvious from the fact that initial tension was 
measurably increased. In 7 e.xperiments however no such change occurred. This 
does not necessarily signify that no distension took place in the right ventricle during 
diastole. In a preceding paper (i) evidence was submitted that a considerable in- 
crease in volume of the large veins and right atrium can occur before a significant 
elevation of right atrial pressure supervenes. Similarly, at least in the exposed heart, 
careful observations and rapid motion pictures have shown (2) that the surface 
of the filled right ventricle below the origin of the pulmonary conus appears lax, 
Suggesting that some available space exists which can be occupied by additional blood 
before the fibers are stretched sufficiently to cause a measurable increase in intra- 
ventricular tension. It is as though the heart were at first a plastic organ which 
dilates to accompany the increased volume of blood perhaps with only a minute and 
unmeasurable increase in initial tension. However, as filling increases more and more 
the elastic properties come into play with a greater increase in diastolic pressure. 
For this reason the measurable increase in initial tension found in ii of our experi- 
ments is highly significant and justifies the conclusion that the excess pressure energy 
developed in the right ventricle is in part at least occasioned by a greater myocardial 
response. 


Tins compensatory response of the right ventricle serves two useful purposes: 
i) It enables the right ventricle to discharge into the pulmonary artery a total 
volume equal to that which enters from the right atrium during diastole and from the 
left ventricle during systole. 2) By more nearly equahzing pressures to the right and 
left of the septum the shunted volume of blood is less than that which would other- 
wise be transferred according to physical laws. In other words, the magnitude of the 
shunted volumes depends on the capacity of the right heart to compensate through 
mcrease in initial length and tension. Owing to the drastic procedures required in 
our experiments it is improbable that the compensation was as great as may be antic- 
ipated in human developmental defects. Indeed, when the shunt was left open for 
^ long time with the hope that compensatory recovery of arterial pressures would 
supervene, it was sometimes found that the right ventricle distended more and more 
while arterial pressures and pulse pressures declined. As a rule a circulatory balance 



288 


WILLIAM H. DILLON AND H. SCHREIBER, JR. 


Volume 15^ 


was slowly restored after closing the shunt. In some of our hearts, however, the 
compensatory power of the right ventricle had certainly not reached its limit. This 
is shown by increased response of both ventricles to saline infusion, illustrated in 
figure 2, B and C. Indeed, this was found to be the most effective method for in- 
creasing the effective discharge of blood into the aorta, as judged by restoration of 
control pulse pressures. 

In a condition in which the circulation becomes unbalanced by accumulation of 
a larger proportion of the total blood volume on the venous side an increase in total 
circulating volume is apparently an effective mechanism for restoring circulatory 
balance as long as the right ventricle can respond to the larger input load. The ob- 
servation that right ventricular volume increased and that this frequently gave rise 
to an elevation of initial tension supports the theory which holds that hypertrophy 
so commonly found in human cases is a consequence of the increased distension. 

The question may be raised why if the left ventricle empties — perhaps even more 
effectively than normally — through an opening in the ventricular waU as well as the 
aorta, the initial pressure should rise on the left side, and perhaps offer a stimulus for 
the development of hypertrophy on this side as well? The answer is apparently 
found in the fact that the right ventricle through development of a greater pressure 
maximum ejects larger stroke volumes into a pulmonary circuit whose resistance has 
probably not changed materially. This increased output of the right heart is re- 
flected in a greater flow to the left. 

The possibility must be considered that under certain conditions the left ventricle 
in ejecting blood through an interventricular septum does not largely do so at the 
expense of the blood volume normally expelled into the aorta, but utih'zes part of its 
residual volume. This would explain the failure of initial tension to rise in the left 
ventricle in 7 of our experiments. Such a postulate must be thrown out of court, 
however, by the fact that the aortic pulse pressure was immediately reduced and gives 
evidence of a smaller systolic discharge. The failure of left ventricular initial pres- 
sure to rise may possibly be explained by the fact that the walls of the left ventricle 
are also capable of dilating in a plastic manner before initial pressure is significantly 
increased. 

The normal myocardium adapts itself for the expulsion of large blood volumes 
by prolonging systole whenever initial pressure or diastolic stretch are increased (3). 
The increased S/C ratios found in most of our records on opening the shuntgives 
additional evidence that the natural response of the heart to distention remains un- 
altered in interventricular septal defects. 

STOGUARY 

The manner in which the heart reacts to an interventricular communication was 
studied in dogs by use of an external shunt which could be opened and closed alter- 
nately. The shunt and its application are described. The constancy of relations 
between onset of right and left ventricular systole gave evidence that the sequence of 
ventricular excitation was not disturbed by the apparatus. The d)mamic changes, 
some of a compensatory nature, were deduced from detailed analysis of simultan- 
eously recorded left and right intraventricular pre.ssure curves aided by studies of 


August IP48 


INTERVENTRICULAR CARDIODYNAMICS 


289 

aortic pressure pulses. Registrations were made by calibrated optical manometers 
of adequate efficiency. 

The predominant changes in the left ventricle on opening a shunt consisted of 
an elevation of initial pressure, a decline in maximal pressure and a prolongation of 
contraction in relation to cycle length, with modification in the contour of pressure 
pulses. The predominant effects in the right ventricle on opening the shunt con- 
sisted in an elevation of initial and maximal pressures. 

An analysis of results lead to the conclusion that the great elevation of right 
ventricular pressure is certainly not caused wholly by summation of right and trans- 
mitted left ventricular pressures. It is due in part to a more vigorous response of the 
right myocardium consequent to increased diastolic distension. This compensatory 
response acts a) to mobilize larger volumes of blood for return to the left heart and 
b) to reduce the fraction of total left ventricular discharge which is transferred to the 
right ventricle during systole. 

When the right ventricle fails to respond to the law of initial length and tension, 
progressive dilation and rapid circulatoiy failure supervene. Increase in total 
circulating volume operates as one of the best compensatoiy mechanisms through 
additional right ventricular compensation provided the right ventricle is in good 
condition. 

We wish to thank Dr. David F. Opdyke for his advice and supervision of the experimental work 
and Dr. C. J. Wiggers for his assistance in the critical evaluation of the data and in editing the manu- 
script. 
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COMPARISON OF CARDIAC OUTPUT BY A DIRECT 
METHOD AND THE HAMILTON-REMINGTON 

PROCEDURE 
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CLEVELAND, OHIO 

D uring the course of concurrent cardiodynamic studies it became necessary 
to evaluate changes in stroke volume and cardiac output within short 
periods of time. On the basis of theoretical formulations and a few com- 
parisons with other methods for determining cardiac output, it seemed probable 
that the method of Hamilton and Remington (i, 2) might serve our purpose. Since 
the validity of their calculations has only been checked against other indirect rnethods, 
it seemed important to make such comparisons with a method which measures cardiac 
output of the left ventricle directly. This seemed especially important in view of the 
fact that some of the theoretical postulates mvolved are subject to argument and 
that their scheme of analysis may not allow sufficiently for changeable factors of the 
arterial system. • 

This communication deals with attempts to compare calculated cardiac output 
by the Hamilton and Remington method with direct measurement of cardiac input. 

METHODS EOR DIKECr AND INDIRECT MEASUREMENT OF CARDIAC OUTPUT 

In order to calculate stroke volumes and cardiac output from aortic pressure 
curves, the latter were recorded in rather large amplitude by modified Gregg manom- 
eters, All pressure pulses used were those actually recorded at the same time that 
direct cardiac input determinations were made. Only records were used in which a 
stable diastolic pressure was maintained during the entire period. The curves were 
integrated by the procedures outlined by Hamilton and Remington (1,2). 

Since the validity of comparisons depends on the accuracy with which cardiac 
input is measured by our direct methods, these require detailed description. Three 
different procedures were used; or rather data from one procedure already available 
were used to avoid repetition, and two new techniques were developed. 

I. Comparisons of measured venous inflow into the right heart and calculated left 
ventricular output. Four such experiments in which right ventricular input was esti- 
mated were available from records obtained by Wiggers, Guevara Rojas el at. (3). 
In these experiments the azygos vein was ligated and bloodfromthe cannulatcd periph- 
eral ends of the vena cavae was collected in a low level reservoir and pumped to a 
higher level resersmir from which it flowed through a Ludwig type stromuhr into the 
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right atrium. It is evident that this method does not measure coronary venous flow 
and that the actual input is thus underestimated, but certainly not by more than 20 
per cent. 




2. Comparisons of measured right cardiac input including coronary simis flow and 
calculated left ventricular output. In order to reduce the error, a method for perfusing 
the right heart was devised by which the coronary sinus flow was included in the 
measured right ventricular input. It consisted in principle in allowing blood from 
ligated and severed ends of the inferior and superior cavae and the coronary sinus 



292 


J. L. DUOMARCO, W. H. DILLON AND C. J. WIGGERS 


Volume 154 


to gather in the thoracic cavity. A tube with a tip protected by a wire basket was 
inserted through an intercostal space so that it rested at the lowest point of the 
thoracic cavity. Through this tube blood was pumped into the right auricle via a 
large cannula inserted into its appendage. The apparatus is shown schematically in 
figure I. A pump A with a small internal capacity and rapid strokes elevated blood 
to the chamber B whence it flowed into an inverted flask G which captured bubbles. 
From this chamber it passed by gravity into the right atrium. The input rate could 
be controlled by a screw clamp E. The rate of auricular inflow is determined by the 
device D which is an adaptation of the venturimeter principle. The difference of 
manometric levels corresponding to two points of the circuit (taken conveniently from 
B and G) can be read in tube M because the ampule J maintains the other level con- 
stant, The apparatus was calibrated after each experiment. In order to check in- 
flow rates, complementary flow rate determinations were made by opening the 
Mariotte bottle C for a given interval of time while bottle B was temporarily closed. 
Aortic pressure curves were taken during the measured inflow period, 

A few minor but important details of operation may be indicated. The entire 
attention of one experimenter is required to keep the circulation in operation. Car- 
diac input can be graduated at will by stopcock E as long as the capacity of the ven- 
tricle is not exceeded. Precaution must be taken to keep the tip of the thoracic 
cannula, Z, below the level of blood in the thorax in order to avoid the formation of 
foam in B. This is most conveniently done by graduating the degree of aspiration 
of blood by clamp F. Successful adjustment of clamps E and F results in a constant 
level in bottle B. The drainage of blood from the veins and the return to the right 
auricle are illustrated in figure 2A. The detailed steps of the procedure are as 
follows: 

1. The chest is opened and an aortic optical manometer connected. 

2. The two upper lobes of the right lung arc ablated and the blood drained into the thorax con- 
taining heparin solution. 

3. The azygos vein is tied and loose ligatures are placed around the two cavae and coronary 

sinus. 

4. A tube with a wire protection at the end is inserted through an intercostal space, and its tip 
placed at the bottom of the thoracic cavity. 

5. The animal is heparinized. 

6. A large cannula is inserted into the right auricular appendage. 

7. The circuit inside of the animal is filled with heparinized blood from a large donor dog and 
connected to the auricular and thoracic cannulac. 

8. Sufiicient heparinized blood is placed in the thorax to cover the thoracic cannula safe!}'. 

9. The coronarv' sinus is tied and the vessel slit allowing blood to flow into the thoracic cavit) . 
The superior and inferior vena cavae arc ligated and cut, allowing blood to flow into the chest. 

10. The pump is started by another operator, which thereafter continues to supi)lj' the heart 
with blood from the external circuit. 

3. Comparison of measured left cardiac input and calculalcd output. This pro- 
cedure differed from the foregoing in that the left pulmonary veins were tied centrally 
and cut peripherally, allowing blood after passing the lungs to enter the thoracic 
catdty. From this it was pumped as before via a left auricular cannula directly into 
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the left heart, as illustrated in figure 2B. The steps are the same except for the 
following: 

Step 2. Loose ligatures are placed around the 4 pulmonary veins of the left side. 

Step 3. The whole right lung is ablated. 

Step 6. The left auricular appendage is cannulated. 

Step p. As nearly simultaneously as possible the left pulmonary veins are tied and severed, 
allowing blood to enter the thorax. 

The principle difiiculty encountered when infusing into the left heart was the 
occurrence of coronary’- insufficiency due to air emboli. Minute bubbles which were 
not removed from the blood in G found their way to the coronary arteries and caused 
the heart to fail in 14 of 17 experiments. The temperature of the blood in the thorax 
averaged 32°C. 

RESULTS 

Comparison of measured right ventricular input and estimated output of the 
left ventricle W'as made in 15 records selected from four experiments available from 
previous work in this department. In these the venous inflow into the right heart 
minus the coronary flow was measured. In 50 records from four experiments the 
right cardiac input inchiding the coronary sinns flow was compared with calculated 
left ventricular output. In 16 records from three experiments, comparisons of input 
into the left heart w'ere made wdth the estimated output from the left heart. 

The individual data of these experiments are incorporated in table i. Changes 
in cardiac output in tlie same animal were usually achieved by altering venous inflow 
except in the observations followed by an asterisk; in these small doses of neosyn- 
ephrine were administered. Figure 3 shows in much reduced size 17 of the 81 
valid records calculated. The upper ii records demarcated by a line were from ex- 
periments in which the total right ventricular input was measured directly and the 
lower 6 records exemplify experiments in which left ventricular input was measured 
directly. On each record are inscribed the calibration, the surface area of the dog 
(S.A.), the calculated minute output per dog in liters (C.V.), and the directly meas- 
ured input in liters (M.V.). 

A glance at these records shows that while the form of most of the pressure pulses 
is reasonably good the diastolic pressure was rather low and the pulse pressure large 
in most animals owing to the artificial conditions of the experiments. However, in 
six records (20-6; 21-11; 7-13; 7-14; 8-4) the diastolic pressure ranged between 60 mm. 
and 80 mm. Hg. In all of these instances, except experiment 8-4, the calculated 
niinute output proved to be of the order of about twice the measured ventricular 
input. 

A perusal of the data charted in table i indicates that even greater disproportions 
can occur. This is particularly pronounced in experiments 6 and 7 in which the 
calculated output of the left ventricle was sometimes four-fold greater than the 
measured input into the left ventricle. The data also show that while commonly 
the calculated values show directional trends in output determinations this is by no 
means always the case when cardiac input is increased or decreased purposely by 
raising the pressure head for inflow. 
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DISCUSSION 

^ The astounding differences between measured blood volumes which enter the 
eart and leave it according to calculated pulse curve measurements clearly indicate 
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that the Hamilton-Remington procedure for measuring cardiac output is far from 
good enough to be used in experimental studies. Some reservations should perhaps 
be exercised in concluding that equally large discrepancies exist in intact animals 
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between actual input and output calculated by the Hamilton-Remington method. 
They strongly suggest, however, that physical principles deduced from determination 
of averaged constants from dead dogs may not be generally applicable to individual 
live dogs, and possibly that uncontrollable factors may enter which invalidate their 
general employment. 

It may be asserted with some firmness that discrepancies found in our experi- 
ments cannot be waived aside by insinuations that comparisons were made on failing 
hearts of moribund dogs and that they are therefore inapplicable to the intact circula- 
tion. if the postulates advanced by Hamilton and Remington are correct it is only 
necessary that the left heart eject blood in a reasonably normal manner into an ar- 
terial system nith normal and unchangeable volume elasticity constants. Indeed, 
were it not for the coronary system an artificial pump operating in the same manner 
as the left ventricle could be substituted. No satisfactory artificial pump has so far 
been designed. The possibility exists of course that the arterial system changed in 
- our experiments, but it seems highly improbable that they deviated from the normal 
more than in dead dogs from which Hamilton and his associates gathered the data 
used for generalized calculations for living animals. 

SUMMARY 

Three methods were devised by which the input of the right or left heart per 
minute could be measured directly, while aortic pressure pulses were recorded in large 
amplitude by calibrated Gregg manometers. The pressure pulses were analyzed 
according to the procedure of Hamilton and Remington and cardiac output was 
calculated. 

The analysis of 81 records from ii dogs revealed that left ventricular output is 
generally two or more times as large as the measured input; further that in isolated 
instances the directional trend of cardiac output was not even predictable from such 
analyses. 

^^^lile some reservation must be exercised in stating that discrepancies of similar 
magnitude exist in less extensively operated dogs, the results clearly show that the 
method is far from good enough to be of use in experimental studies of cardiac output 
in dogs. 

The authors wish to express their appreciation to Dr. David F. Opdyke for advice in the conduct 
of experiments and to Dr. Robert S. Alexander for suggestions in the analysis of records. 
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EXPERIMENTAL HEMORRHAGIC SHOCK; A STUDY OF ITS 
PRODUCTION AND TREATMENT 

OTTO GLASSER ajnd IR\TNE H. PAGE 
From the Cleveland Clinic and Frank E. Bunts Educational Institute, Research Division 

CLE\'ELAND, OHIO 

T he advances made in the study of shock have not resolved, in conclusive 
fashion, methods for the consistent experimental production of so-called 
irreversible hemorrhagic shock (i). The purpose of this investigation was 
to study the reasons for the inconsistencies which persist and to establish criteria 
which might lead to better definition of the degrees of shock. 

Numerous methods for producing hemorrhagic shock have been described in recent 3'ears by 
Wiggers and Werle (2, 3), Wiggers, Ingraham and Dille (4, 5), Kohlstaedt and Page (6, 7), Glasser 
and Page (18), Seligman, Frank and Fine (8, g), Walcott (lo), Pasqualini (ii), Saj'ers, Sayers and 
Long (12). 

The principle of the procedure adopted in most of our experiments was described bj^ C. J. 
Wiggers and Werle in 1942 (2, 3). Under general anesthesia, a dog is bled rapidly from a femoral 
artery into a reservoir containing heparin solution, until mean arterial pressure is indicated as 50 
mm. Hg by a mercury manometer. This moderate hj'potension is sustained for 90 minutes and is 
followed by a period of drastic hjTrotension at a mean arterial pressure of 30 mm. Hg lasting 45 
minutes so that the total hj^potensive period is r35 minutes. In their procedure, all the blood is then 
reinfused intravenously. 

In our experiments two modifications of this technic were introduced. One is the maintenance 
of a permanently open connection between animal and recording reservoir under the desired positive 
pressure throughout the e.xpcriment. The other involves entirelj’’ replacing intravenous b}' intra- 
arterial transfusion of the removed blood (6, 7, r3, 14). 

Cardiac intraTarterial transfusion has elicited little interest. The principle of the method was 
described as early as 1875 bj-- Landois (15). In crude form, it was used successfully in an occasional 
patient by Halsted (16) in 1883 and b^^ a few other surgeons (Huetner, Crile). A number of difficul- 
ties occurred subsequently and the method fell into disuse. Its revival was suggested to us by 
Colonel Sam Seelej’’, M.C., U. S. Arm^*. 

METHOD OF PKODtJCING HEMORRHAGIC SHOCK 

Dogs, weighing from 4.5 to 20.7 kg. and averaging 10.7 kg., were fasted for 24 
hours and then anesthetized by subcutaneous injection of 5 mg/kg. of morphine 
sulphate and intraperitoneal injection of 30 mg/kg. sodium pentobarbital.^ 

A glass cannula (A, fig. i) was inserted into a femoral artery, and connected 
through one branch of rubber tubing with a mercury manometer (B) recording 
arterial pressure on a slow-moving kymograph. The other branch lead to a recording 

Received for publication June 25, 1948. 

* Several experiments carried out under local anesthesia (2% solution of novocain) produced 
results which were similar to those obtained %vith general anesthesia. In some of these ej^eriments, 
sudden movements could not be avoided, and curare (intocostrin, 20 u per ml.) was pven intra- 
venously in doses of 0.2 ml. at intervals of s minutes up to a^total of 1.6 ml. Administration of 
curare in combination with severe hemorrhage led rapidly to serious respiratory difficulties and was 
therefore abandoned. 
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reservoir (C) in "whidi the withdrawn blood was stored. A small side arm of this 
line was equipped with a stopcock adapter to which a Luer syringe could be attached 
for the puipose of injecting anticoagulant into the tubing. t. . . 

The reservoir (C) was suspended on a balance spring and equipped with a pen to 
record changes in its weight on the k)rmograph. This allowed obser\'ation of the 
movements of blood back and forth from the animal to the- reservoir during the 
course of the experiment. The stopper of the reservoir held two tubes; one short, 
through which the blood flowed and a long one through which air escaped or through 
which' air could be pumped by a small bulb (D) to control blood movement between 
reservoir arid animal. Pressure within the reservoir could be read on a mercury 
manometer (E) or a sphygmomanometer (F). An air outlet with adjustable valve 



was inserted in this line near the sphygmomanometer. This and the bulb (D) per- 
mitted complete control of air pressure in the reservoir. 

A no. 12 French rubber catheter was inserted into the external jugular vein (G) 
with the tip approximately at the level of the atrium, and connected through a glass 
cannula to a water manometer {H) to record venous pressure on the kymograph. 
Respiratory rate was recorded {K) from a pneumograph (P). Time intervals of one 
minute obtained from a synchronous clock motor (M) were recorded on the base line. 

Response of arterial pressure to a dose of o.i to 0.2 ml. of a 1:10,000 adrenalin 
solution was regularly ascertained before bleeding during h3q)otension, after trans- 
fusion. Rectal temperature, room temperature, relative hmnidity and barometric 
pressure were recorded for each experiment. Electrocardiograms and electro- 
encephalograms, hematocrit and hemoglobin values before, during and after hypo- 
tension, and radiographic examination of heart were made in a number of experi- 
ments (x-ray tube L). 
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PROCEDURE 

Before the beginning of the experiment, all connections from the cannula in the 
femoral artery and catheter in the jugular vein to manometers and reservoir were 
sterilized and filled with heparin-saline solution (100 mg. heparin per 1000 ml. 1% 
saline). 

Bleeding was started by releasing the clamp which closed off the line between 
cannula (A) and bottle (C). With the air outlet open, the blood entered the res- 
ervoir. Bleeding was done rapidly, at an average rate of 100 ml/min. the 

mean arterial pressure reached 50 mm. Hg, the air outlet was closed. By manipula- 
tion of bulb and air outlet, the pressure was held at 50 mm. Hg for 90 minutes. 
During the period in which the blood flows from animal to reservoir, danger of 
clotting exists; consequently, 5 ml. of heparin-saline solution was injected from time 
to time into the side arm near the cannula (A). WTiile injecting this solution, both 
connections from cannula (A) to manometer (B) and bottle-reservoir (C) were 
clamped off. If heparin solution was to be injected into the reservoir (C) alone or if 
the blood in the reservoir was to be 'washed' or thoroughly mixed with this solution, 
the short connection between cannula (.< 4 ) and fork with side arm was clamped off. 

After the go-minute period of moderate hypotension at 50 mm. Hg, the pressure 
inside the reservoir was lowered by opening the air outlet near tlie sphygmomanome- 
ter {F). Further bleeding took place although the amount of blood required to 
drop the arterial presssure to 30 mm. Hg was small, averaging only 7 per cent of the 
total amount removed. The period of drastic hypotension at 30 mm. Hg was main- 
tained for at least 45 minutes, after which all or part of the blood stored was reinfused 
into the same femoral artery, by increasing the air pressure in the reservoir. The 
average rate of infusion was 130 ml/min. Infusion was usually stopped when the 
mean,art^al blood pressure reached about 100 mm. Hg. 

^^^arly in the investigation, between July i 945 June 1946, 3^ animals were 
submitted to this procedure to determine its effect on survdval. Experimental data 
are presented in table i. 

Since the same system of numbering the columns is used in all tables, the follow- 
ing describes a typical table. 

Experiment number is given in Column I, the amount of blood removed in 
ml/ioo gm. body weight in Column II, time of hypotension in minutes in Column 
m. ■ Column W shows relative intake of blood by the animal during the hypotensive 
period, whereby o signifies no intake, x slight, xx moderate, xxx considerable and 
xxxx large intakes. Intake into the animal during transfusion to reestablish arterial 
pressure at the level of 100 mm. Hg in per cent of total volume of removed blood is 
given in Column V; Column VI shows the pressor response to adrenalin after re- 
infusion in per cent of the response to the same dose before bleeding. Column ^TI 
gives the sur\’ival rate of animals after the shock procedure; permanent survmTil is 
indicated by ‘yes’, temporary suiadval by the number of hours up to 36 and d^ath 
within one hour after transfusion by ‘o’. In each column the animals are divided 
into two groups, I and II, according to prognostic cnteria which will be discussed 
below. 
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The average duration of hypotension for the experiments in table i was 143 
mmutes and the average volume of blood removed to produce shock was 5.2 ml/ioo 


Table i. Survival rates aeter hemorrhagic shock in animals treated only with 

INTRA-ARTERIAL TRANSFUSION (EARLY CONTROL EXPERIMENTS) 
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Number of experiments in Groups I and II: 

Survival, permanent: 

Survival, i to 36 hours: 

Sur\'ival, less than 1 hour; 


Group I: 14 Group II: 17 Total: 31 
I ( 7 %) 6 (35%) 7 (23%) 

6 (43%) II (65%) 17 (S4%) 

7 (50%) o 7 (23%) 


gm. body w’eight. Of the 31 animals, 23 per cent survived permanently after trans- 
fusion and 54 per cent died within one to 36 hours (average 8 hours) while 23 per cent 
died within less than one hour. 

The early series of 31 control animals was follotved by a later series of 29 control 
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animals which were submitted to the shock procedure between September 1946 and 
January 1948. The experimental data for this group are presented in table 2, 

Average duration of hypotension for these animals was 150 minutes and average 


Table 2. StmvivAL rates aeter hemorrhagic shock ik animals treated only mtth 

INTRA-ARTERIAL TRANSFUSION (lATE CONTROL EXPERIMENTS) 
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response to hemorrhage , nevertheless, they could be divided into two groups accord- 
ing to the following criteria: c) The persistent tendency during the h3^otensivQ/ 
period for the arterial pressure to fall below the level set and its corollary the tend- 
ency to take up blood from the pressure reservoir to maintain the 30 mm. Hg level 
of blood pressure proved to be a sign indicating poor prognosis even though the 
immediate response to transfusion may be good, h) The amount of blood required to 
reestablish normal arterial pressure when the blood was given by way of the artery 
gave some indication for prognosis; when the whole amount removed or more was 


• 170 


SOOUU Ht 


ISO MM Ha 


too MM Ha 


SO MM Ha 


BASE UHE 




Fig. 2. Record op dog with good prognosis after hemorrhage. Reading from above down i) 
respiration (Resp.); 2) weight of blood in reservoir (B.V.); 3) arterial pressure ( A. P.); 4) time in min. 
A signifies adrenalin injection. 0 signifies ouabain injection. Note lack of intake of blood during 
hypotensive period of 143 min., the small uptake to restore arterial pressure to control levels and the 
return of adrenalin responsiveness. 

required, prognosis was poor, c) When the pressor response to adrenalin after 
transfusion did not return to the prehemorrhagic control level, the outlook was not as 
favorable as when the response was as great or greater. 

Thus dogs in which the prognosis was good showed no significant change in 
arterial pressure during the hypotensive period, a smaller intake of remfused blood 
to restore normal arterial pressure (an average of 59 per cent of the blood removed as 
compared with 84 per cent in the animals with poor prognosis, given in tables i and 2, 
and finally, a greater relative responsiveness to adrenalin after transfusion (73 per 
cent of the control response as compared with 46 per cent in animals with poor 
prognosis). As we have pointed out (19) none of these criteria alone i.s a re- 
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liable index to prognosis but taken together they yield reasonably accurate predic- 
tions. 

, .We shall call Group I those animals in which, according to these criteria, the 
prognosis is bad, and Group 11 those in which it is good. In the 31 early control 
animals of table i in which no other treatment than arterial transfusion ^as em- 
ployed, 14 fell into Group I and 17 into Group 11 . Only 7 per cent of Group I sur- 
vived indefinitely, 43 per cent lived an average of 4 hours and 50 per cent died shortly 
after transfusion. . On the contrary, of Group //, those with the criteria of good 
prognosis, 35 per cent lived indefimtely, 65 per cent lived an average of 10 hours and 
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volume in percentage of body surface is taken as the basis for the amount of blood 
withdrawn, a relatively greater amount of blood was taken from large animals than 
from smaller ones. Using the formula A = ii X where A is the surface area 
in cm.2, and W the body weight in gm., the surface areas for a lo-kg. dog and a 5-kg. 
dog are found to be 5265 cm,^ and 3309 cm.^, respectively. Thus, the mean bleeding 
volume of 5.4 per cent of body weight means that 540 ml. of blood was withdrawn in 
the large dog and 270 ml. in the small dog. Thus 10,2 ml/ioo cm.^ surface area were 
taken from the large dog and 8.2 ml/ 100 cm.^ from the small dog. Taking bleeding 
volumes per unit surface area as standard, our larger animals were therefore bled 
more severely than the smaller ones, although the difference of 25 per cent as indicated 
in the extreme example cannot be considered as decisive. Still the larger animals 
should have shown more severe shock and therefore lower survival rates. However, 
the percentage survivals for shock experiments are practically the same for both 
groups. 

This was also borne out by an analysis of resuscitation experiments which will be 
presented later in this paper (table 6), Of 13 permanent survivors of that series the 
average weight was 9.4 kg. and the bleeding volume 6.0 ml/ioo gm. body weight. 
For 26 nonsurvivors, the average weight was 10.2 kg. and the bleeding volume 5.8 
ml/icxj gm. body weight. The surface areas of the two groups are 5055 cm.^ and 
5336 cm.®, respectively, which makes the bleeding volumes in percentage of surface 
area 11,2 ml. and ii.i ml/ 100 cm.® surface area. This again indicates that there 
exists no definite correlation between survival and bleeding volumes measured either 
in percentage of body weight or body surface. 

Although the averages of both bleeding volumes and duration of hypotension are 
rather uniform for the various groups of experimental animals, individual variations 
are considerable. WTiile about 13 per cent of the animals used were unable to com- 
plete the prescribed period of 135 minutes of hypotension, there were several which 
withstood the hypotensive period for a much longer time. Thus, about 25 per cent of 
the animals which withstood more than 135 minutes of hypotension averaged 166 
minutes with an extreme survivor of almost 4 hours. This extraordinary ability to 
withstand severe hypotension and still survive without obvious residual defects is 
also illustrated by one experiment in which after rapid bleeding the pressure was 
kept between 30 and 35 mm. Hg for 142 minutes. , Following arterial transfusion the 
dog survived indefinitely, apparently uninjured. These observations agree with 
those of Kohlstaedt and Page (6, 7) in demonstrating the remarkable inherent ability 
of some animals to survive severe hemorrhage far more effectively than others. 
Thus to ascertain the effect of supposed therapeutic procedures, the investigator is 
faced with either using a larger number of animals, so securing a statistically valid 
result, or, alternatively, using objective criteria indicating the response of the body to 
hemorrhage. Both objectives were striven for in our studies. \^Tiile the total number 
of dogs used in this investigation with all its ramifications was almost 500, we present 
in this paper only observations on 244 animals, all of which underwent a hypotensive 
period of at least 135 minutes. 

Division of shocked animals into Groups I and II according to the prognostic 
signs described above proved of great value, since attempts to lump animals with 
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this picture suddenly; all 5 control animals were given a good prognosis and they 
survived permanently. Various suggestions have been made to explain the sudden 
periods of low resistance to the shock procedure; these include illness of the animals, 
bacterial infection, seasonal effects, climatic conditions and sudden change of food 
and emdromnent. We have been unable to correlate any of them with these changes. 

It may be of interest to report here that the mean arterial pressure of 244 animals 
imder pentobarbital anesthesia before bleeding was 130 mm. Hg with extremes of 70 
and 185 mm. Hg. Mean arterial pressure one hour after transfusion was 98 mm. Hg 
with extremes of 60 and 150 mm. Hg for permanent survivors. 

Although a variety of agents were tried during our experiments, only those 
which appeared to have a significant effect upon the shocked animal will be described. 
Ouabain was first used because Kohlstaedt and Page (7) had observed that cardiac 
dilatation after prolonged hypotension was an important sign of impending terminal 
shock and when it appeared treatment by blood transfusion alone failed. We have 
confirmed these findings and proceeded to investigate whether ouabain had beneficial 
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Fig. 4. Percentage permanent survtvai. for 2-week periods from July 1945 to June 1948. 
No division is made between those with good or bad prognosis. 


effects on the heart when given either during or shortly after arterial transfusion. 
Sixty-one animals were submitted to the shock procedure early in the course of our 
investigation (approximately throughout the same period of time as the control 
animals in table i) and were given 0.05 mg/kg. body weight of ouabain intravenously 
during or shortly after the transfusion (table 3). 

Twenty-two dogs had unfavorable and 39 favorable prognoses. Despite 
ouabain, all 22 of the former group died within 24 hours, the majority living 5 hours. 
In contrast 74 per cent of the 39 of the latter group survived indefinitely and 26 
per cent lived an average of 7 hours. This contrasts with the control group in which 
35 per cent survived while 65 per cent lived an average of 10 hours. 

Later in the course of the experiments (table 4) 33 more animals were studied. 
Only 3 of these had poor prognosis and 30 good. Despite ouabain none of the former 
and 83 per cent of the latter survived permanently with 17 per cent surviving an 
average of 14 hours. This compares with 84 per cent survival and 16 per cent in the 
later control group. 

Tlius ouabain seemed to increase survival only in the early experiments in which 
prognosis was good. In this early group there was a tendency to overtransfuse by 
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Tabij; 


I 

EXP. 

NO. 


27 

76 

77 

78 

79 

80 

82 

83 
86 - 

87 

88 

89 

90 

91 

92 

93 

94 

95 

97 

98 

99 

loi 
; ii 8 ' 
119 
123 
124- 
126 

131 

132 

133 

134 
13s 

136 

138 

144 

146 

147 

148 

149 

150 

154 

155 

156 

157 

158 

159 


3. SURVIVAI, RATES AFTER HEMORRHAGIC SHOCK IN ANHIAIS TREATED WITH INTRA-ARTERIAL 
TRANSFUSION AND OUABAIN (EARLY OUABAIN EXPERIMENTS) 


n 
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VI 

1 VII 
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INTAKE 
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BESP. 

SURVIVAL 

I 

II 

I 

II 

I 

II 

I 

II 

mm 

11 

I 

II 


3-6 


135 


0 


100 

M 



Yes 

5-0 


135 


XXX 


75 


B 


23 



6.0 


180 


X 


60 


93 


Yes 


5.6 


172 


0 


32 


100 


Yes 


5-6 


152 


X 


52 


46 


Yes 


4-3 


153 


X 


34 


19 


3 


6.7 


180 


X 


24 


40 


10 


4.4 


180 


0 


36 


100 


Yes 

4.8 


150 


XXX 


80 




X 



7-1 


160 


XX 


50 




16 

5-1 


150 


XXX 


50 


12 


I 



5-0 


145 


X 


19 


88 


10 

5-1 


137 


XX 


39 




10 

Yes 


6.1 

157 


0 


18 


63 


5.6 


138 


XXX 


56 


33 


7 

Yes 


5-0 

153 


X 


16 


100 



5-8 


167 


0 


36 


70 


Yes 

5-5 


137 


xxxx 


1 00 


19 


2 


5-2 


143 


XXX 


43 


30 


2 


4.7 


141 


xxxx 


36 


25 


2 


5-8 


142 


0 


55 


50 


5 

Yes 


4.4 

137 


X 


25 


57 



7.8 . 


137 


X 


32 


5 ° 


Yes 


5-0 


140 


X 


36 


85 


7 

•■ 5-2 


135 


XXX 


83 


60 


B 


5-0 

4.4 

137 

137 

XX 

X 

62 

100 


100 

■ 

Yes 

6.8 

5.6 

5.8 

5-8 

137 

* 

- 

137 

144 

147 

XX 

0 

X 

0 

50 

55 

76 

50 

28 


80 

80 

40 

6 

Yes 

Yes 

Yes 

Yes 


6.6 


147 








5-6 

6.0 

4.9 

5.6 

7-1 

6.0 

6-3 

142 

152 

164 

143 

136 

143 

144 

XX 

X 

X 

0 

XXX 

0 

0 

53 

54 

47 

27 

47 

40 

29 

50 

40 

40 

40 

45 

50 

6 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

5-9 

4-4 ■ 

4.2 

6.0 

143 

149 

135 

163 

XXX 

0 . 

0 

X 

65 



65 

100 

100 

60 

I 

Yes 

Yes 

6 

Yes 


6.4 

7-3 
6.8 - 


139 

147 

183 


XX 

0 


33 

27 


20 

35 


6 

Yes 















3o8 


OTTO GLASSER .\XD IRWXE H. PAGE 


Volume 134 


Table 3. — Conlinued 


I 

EX 7 . 

KO, 

n 

BIXEDIN’C VOL., 
ilL/lOO Gil. 

B. WT. 

m 

TntE OP 
nypOTENSIO^T, 
laii. 

IV 

BEL, INTAKE 
DURING HVPOTCN. 

V 

RriAKE DUBTKG 
TRA.VSF., % OP 
BLEEDING VOL. 

VT 

ADEENALIj; 
BESP., % OP 
OEUG. BESP. 



I 

// 

1 

1 

II 

I 
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II 

I 

II 
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II 

160 ; 
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1 - 


30 


35 
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6 
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4.9 

1 

139 


X 

1 

79 


50 


2 


173 

1 6.5 


135 

i 

XXX 


50 


10 


1 6 i 


178 
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II 
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45 
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Yes 
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1 



100 
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196 1 

1 
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135 


0 


50 


70 


Yes 


. Number of experiments in Groups I and II: 

Survival, permanent: 

Survival, i to 36 hours: 

Survival, less than 1 hour: 


Group I: 22 Group II: 39 Total: 61 

o 29 (74%) 29 (47%) 

20 (91%) 10 (26%) 30 (30%) 

2 ( 9%) o 2 (3%) 


giving back all of the blood removed. Whether this was in part coimteracted by the 
ouabain we can only guess. 

The tetraethyl ammonium ion, following the early work of Bum and Dale (20), 
has recently been proved by Acheson and Moe (21) to block transmission of impulses 
over autonomic ganglia. 

Ten years ago, Freeman el al. (23) published an important paper in which they 
demonstrated that after total sympathectomy, blood pressure could be reduced to 
lower levels and for longer times without producing shock than in normal animals. 
But they were unable to tolerate as large hemorrhages. The difference in reaction was 
correlated with the peripheral blood flow. In normal dogs, as the blood pressure 
was reduced by hemorrhage to 70 mm. Hg, blood flow was reduced below 2 ml. per 
minute, while in the s3anpathectomized animal it was above 2 ml. The preferential 
treatment of blood supply to \dtal centers is lost in sympathectomized animals, but 
as long as these centers receive sufficient blood supply, all the tissues of the body 
probabl)*^ receive an adequate amount of blood and shock is prevented. H. C. 
Wiggers el al. (22) also have demonstrated a deleterious effect of sympathetic over- 
activity by blocking with dibenamine. This appeared to delay the onset of terminal 
shock. For these reasons, it was of particular interest to determine the effect on the 
response to hemorrhage of blockade of all autonomic ganglia. 

The animals, 51 in number, were subjected to the shock procedure and cither 
before or within one hour of bleeding glv'en 10 mg/kg. body v/eight of tetraethyl 
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anunoniuin chloride intravenously. A sharp fall in blood pressure occurred, espe- 
cially when it was given before bleeding. But even after bleeding, the injection 

Table 4. Suevival bate after hemorrhagic shock in animals treated with intra-arterial 

TRANSFUSION AND OUABAIN (LATE OUABAIN EXPERIMENTS) 


EXP. 

NO. 


221 

223 

230 

232 

234- 

236 

238 

239 

240 

241 

243 

2S8 

270 

292 

295 

296 

297 
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300 

302 

30s 

306 
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313 

418 

423 

424 
429 
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IV 
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V 
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TRANSF., % OF 
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VI 
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SESF.^% OF 
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V 3 I 

SURVIVAL 

I 

II 

I 

II 

I 

// 
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II 
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go 




Yes 
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100 


100 


30 
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38 




II 
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100 


so 
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80 


Yes 


0 


37 
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Yes 

XXX 
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5 


10 
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10 
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0 


75 
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X 


62 


37 


10 


X 


70 


30 
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0 


38 


56 


Yes 


0 


32 


60 


Yes 


0 


SO 


ro 8 


Yes 


X 


50 


37 


Yes 


0 


36 


154 


Yes 


0 


43 


100 


Yes 


X 


100 


57 


Yes 


X 


32 


50 


Yes 


0 


6 S 


80 


10 


X 


50 


12 


10 


0 


00 


160 


Yes 


0 


44 


42 


Yes 


0 


55 


42 


Yes 


0 


36 


37 


Yes 


X 


94 


83 


Yes 


X 


100 


50 


Yes 


0 


39 


60 


Yes 


X 


72 


S3 


Yes 


Group I: 3 
o 

3 {soo%) 

o 


Group II: 30 

25 (83%) 
s (17%) 

o 


Total; 33 
23 (76%) 
8 (24%) 
o 


Number of experiments in Groups I and II. 

Survival, permanent: 

Survival, i to 36 hours; 

Survival, less than i hour: 

elicited a considerable faU in arterial pressure which was compensated for by the 
inautr of about 23 per cent of the total amount of withdra^ blood over penods 
averaging 16 minutes. The response to intravenously injected adrenalin was greatly 
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augmented by the tetraethyl ammonium as Page and Taylor (25) had shown. Re- 
transfusion was always followed by an injection of ouabain. Survival data are 
presented in table 5. 

Almost all of the animals, 23 out of the 24 with favorable prognosis, survived. 


Table 5. Survival rates aeter hemorrhagic shock in animals treated ivith intra-arterial 

TRANSEUSION, OUABAIN AND TETRAETHYL AMMONIUM CHLORIDE 


I 

EXP. 

NO. 

n 

BLEEDING VOL., 
2 k£L/lOO GlI. 

B. WT. 

' m ■ ' 

TIME OP 
HYPOTENSION, 
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INTAKE DURING 
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EXP. 

XO. 

II 

BLEEDING VOL., 
ItfL /100 CM. 

B. VT. 

III 

TlilE OF 
HVPOTEXSIOX, 
MIX. 

JV ' V 

SEL. INTAKE ! 'KL OEKENG 

DURING HVPOICN. ' , OF 

liLrU'LVG vot. 

1 


/ 

II 

I 

i " 

/ 

{ // t II 

444 

5-3 


149 


I 

1 7,-, 

445 

5-1 


147 


X.V 


448 

6.0 


135 


i XX 

44 

449 

' 5-4 


141 , 


' XX 

.VI 

450 

2.8 

\ 

, 145 


XX j 

(.4 

451 

4.1 


139 

\ 

XX j 


452 

4.6 


141 


XX ! 

-< > 

459 

4.0 


154 


.XX ' 

100 

461 

8-3 


162 


X 

' 

467 

5-2 


145 


XX 
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1 / 
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; 90 


Yes 
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12 
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8 
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8 
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Number of experiments in Groups I and II: 

Survival, permanent; 

Survival, 1 to 36 hours; 

Survival, less than r hour; 


Group I: 27 
( 44 /r) 

'5 <56';c1 


Group II: 24 

23 (96%) 

I ( 4 %) 


Total; 51 
35 (6g%) 
(31%) 


Of the 27 dogs with unfavorable prognosis 44 per cent also survived permanently. 
This is in sharp contrast to the 45 control animals with unfavorable prognosis (tables 
1-4) which were treated with intra-arterial transfusion alone or with ouabain and of 
which only 2 survived. 

The long, and as yet unexplained, sequence of animals with bad prognosis 
mentioned previously and e\adent in the experiments given in table 5 starting with 
no. 440 (Februaiy'^ 1948) affects the average results toward less rather than greater 
survival. 

Despite this, it is obvious that tetraethyl ammonium chloride produced an 
increase in sui-\dval rates which occurred whether the outlook for survdval was 
favorable or unfavorable. It is probable that the temporar}^ transfusion of almost 
one fourth of the withdrawn blood volume, which the fall of arterial pressure after 
administration of tetraethyl ammonium chloride caused, had some effect upon the 
survival rate. However, this is probably not the sole explanation for similar trans- 
fusions given purposely to animals with unfavorable prognosis in other shock e.xperi- 
ments at comparable periods during hjqrotension had no effect upon sunnval rate. 

Comparison of the sundval rates obtained in all our e.xperiments with those of 
other investigators (2-5), using much the same technique to produce hemorrhagic 
shock, shows them to be similar in our 'early’ group of experiments but markedly 
higher in the late control group and notably in the groups given ouabain or tetraethyl 
ammonium chloride. The chief difference in treatment seems to have been that 
other workers returned the blood by vein while we emplojmd the arten^ The ad- 
vantages of retrograde intra-arterial transfusion have been reviewed elsevv'here (i7)- 
In our experiments it was invaluable. 

In contrast with intrav'enous transfusion, arterial pressure can be restored to 
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normal exceedingly rapidly. The volume of blood transfused is automatically 
determined by the pressure-volume requirements of the vascular tree. Further, less 
blood is needed to achieve and maintain comparable arterial pressures. 

It was of interest to follow the course of the infused blood in a dog in which 
circulation had all but failed, especially because Kohlstaedt and Page (6, 7) had 
noted the fact that patients who had stopped breathing often took a deep breath 
within seconds of administration of blood into the femoral artery. So quick was this 
reaction that the blood would not have had time to complete the circuit of the body 
and so reached the hypoxic respirator}'- center. With this in mind, x-ray photographs 



Fig. s- Intra-arterial infusion of Skiodan into the femoral artery of a dog deeply in shock 
with e.xtrcme hypotension. Lc/t. Note that the kidneys fill first. N/g/d. Same animal a few 
seconds later. The coronary and medullar}' vessels have now filled. 

were taken serially as a 70 per cent solution of Skiodan was infused into the femoral 
arter}’^ of a dog almost dead from severe bleeding. 

Figure 5 was taken a few seconds after the infusion was started and shows that 
the kidneys fill first, followed by filling of the coronary and spinal medullary ve.ssels. 
Thus retrograde flow up the aorta occurs when the arterial pressure is low. 

The rapid, controlled restoration of arterial blood pressure can be of decided 
importance in an emergency, many of which we encountered during the course of these 
e.xperiments. \\’ith blood pressure at 30 mm. Hg, a further fall can be disastrous 
unless quickly countered by arterial transfusions. Intravenous administration is 
often too slow under such circumstances. To further jirovc this point in a series of 
experiments, we deliberately drojiped the pressure to zero by withdrawing, after tlic 
shock proccxlure, further quantities of blood. This led to stoppage of circulation and 
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Table 6. Survtv^al rates after hemorrhagic shock and resuscitation 


I 

II 

ni 

IV 

V 

VI 

vrr 


BLEEDING VOL., 

TIUE or 

REL. INTAKE 

INTAKE DURING 

ADRENALIN 


EXP. NO. 

hl/ioo GM. 

HYrOTENSIOK, 

DtJRINCl 

TRANSF., % OF 

REsp., % or 

SURVIVAL 


D. WT. 

iOK. 

nyroTEN. 

BLEEDING VOL. 

ORIG. RESP. 


244 

5-2 

166 

XX 

70 

50 

10 

245 

4.9 

168 

X 

90 

0 

36 

246 

5-4 

I6I 

0 

100 

30 

Yes 

247 

5.8 

I3S 

XXX 

100 

100 

Yes 

248 

6.2 

179 

X 

100 


0 

250 

6.2 

170 

XX 

60 

20 

10 

251 

7.0 

163 

0 

50 

20 

10 

253 

5-9 

170 

X 

70 

10 

ro 

254 

5-5 

158 

XXX 

75 

0 

3 

256 

4.6 

178 

XX 

100 

100 

9 

-259 

5.0 

198 

X 

100 


0 

261 

7.0 

167 

X 

TOO 


0 

262 

3-4 

167 

X 

66 

6s 

Yes 

264 

S-i 

152 

X 

75 

40 

10 

265 

7-1 

154 

0 

40 

0 

10 

267 

5-8 

225 

0 

87 

90 

Yes 

'■ 268 

6-3 

’ 163 

0 

65 

75 

10 

271 

6.0 

151 

XXX 

82 

40 

3 

272 

6.7 

176 

0 

60 

50 

Yes 

274 

4.0 

162 

X 

100 

0 

10 

275 ' 

4.4 

167 

0 

66 

5 

Yes 

276 

7-3 

190 

0 

54 

26 

Yes 

277 

6 . 9 

168 

0 

73 

44 

Yes 

278 

3-9 

175 

X 

100 


0 

281 

5-2 

145 

0 

43 

40 

ro 

282 

5-7 

igi 

X 

100 

50 

10 

283 

6.9 

145 

0 

32 

33 

ro 

291 

. 8.4 

163 

0 

100 


0 

293 

S -4 

167 

0 

100 

23 

ro 

294 

6.3 

168 

X 

100 

5 ° 

Yes 

318- 

6.0 

163 

XX 

63 

83 

10 

320 

8.1 

173 

XX 

57 

40 

10 

321 

325 

326 

333 

8.6 

7.0 

4.8 

5-8 

157 

I4I 

136 

163 

0 

X 

0 

X 

58 

100 

53 

100 

54 

100 

30 

100 

Yes 

Yes 

Yes 

Yes 

334 

4.8 

166 

X 

100 


0 

335 

5-5 

183 

X 

100 

56 

10 

337 

4-5 

155 

X 

50 

75 

10 


No. of expts: 39. Survival, permanent: 13 (33%); survival, i to 36 hrs.: 20 (51%); survival, 
less than r hr.: 6 (x6%). 


respiration, i.e., a condition where resuscitation by means of intravenous transfusion 
did not promise success. 

In 39 dogs already subjected to the usual hemorrhagic shock procedure, more 
blood was withdrawn into the pressure reservoir, until the heart and respiration 
stopped as indicated by electrocardiographic and pneumographic records. 
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■ Respiration usually stopped first and was started artificially in from 2 to 8 
minutes. When the heart had stopped for about 2 minutes, treatment was started. 
This consisted of rapid intra-arterial transfusion along with 0.5 ml/kg. of 1:10,000 
adrenalin, artificial respiration and ouabain (0.05 mg/kg.) intravenously. The 
results are presented in table 6. 

Eighty-four per cent of the animals could be resuscitated by this method; 51 
per cent of these lived for an average period of 10 hours and 33 per cent survived 
indefinitely. Thus 16 per cent failed to be resuscitated, which seems to us a small 
number in view of the long period of h3rpotension followed by stoppage of heart and 
respiration. An example of the records of these experiments is presented in figure 6. 


•ftesp 



SOUMHt i l J I " AP o— . h . , 


A A 

BAS£ U/JS r 




I O. A. 


Fig. 6, Record or dog resuscitated following shock procedure and further bleeding until 
respiration stopped for 6 min. and the heart (as measured by the electrocardiogram) for 2J min. 
Total time of the hypotension was 167 minutes. Venous pressure (V.P.) is also recorded from the 
right auricle. 

WTiile we have no control observation on animals, it seems reasonable to assume 
that arterial transfusion and artificial respiration were the chief factors in the resusci- 
tation under these conditions of emergency. Obviously, an intravenous transfusion 
could not have been of benefit. It is important to point out that enough heparin 
has entered the animal's (24) circulation to reduce the possibility of coagulation 
and the blood returned to the animal was heparinized providing an additional 
safeguard against intravascular clotting. 

SUJIMARY 

The effect of hemorrhage of severe grade and intra-arterial rctransfusion on the 
sur\dval of 244 dogs was studied. It was found possible, confirming our earlier work, 
to divide the animals into those with good and poor outlook for suiYuval. The 
criteria selected were i) maintenance of a steady pressure during tlic hypotensive 
period without takeup of blood from the constant pressure reservoir, 2) a relatively 
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small amount of the blood withdrawn being required to restore the normal level of 
arterial pressure and 3) no marked change in responsiveness to adrenalin after re- 
transfusion as compared with the control. 

During the period covering about the first year of the work, the survival rate 
for those. with poor prognosis was 7 per cent and with good prognosis 35 per cent. 
The next two years saw a marked increase in the number of animals with good prog- 
nosis, from 35 to 84 per cent with permanent survival with a corresponding decrease in 
those with bad prognosis. Survival in the latter group did not increase significantly. 
Periods of weeks to months occurred when for no reason we could discover, survival 
fell off sharply only to recover without change of technique, a phenomenon we had 
previously noted in scalded animals. 

Administration of ouabain did not affect the survival rate in 94 animals, except 
possibly in the early group of experiments where over-transfusion may have ad- 
versely affected survival in the am'mals with good prognosis. Tetraethyl ammonium 
chloride significantly increased survival, 44 per cent in animals with bad prognosis 
and 96 per cent with good. 

The value of intra-arterial transfusion in emergency is emphasized. Thirty-nine 
animals after being subjected to the shock procedure were bled further imtil breathing 
and heart beat stopped, the former from 2 to 8 minutes, the latter about 2 minutes. 
Eighty-four per cent could be resuscitated, 51 per cent lived an average of 10 hours 
and 33 per cent survived indefinitely. 
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MECHANISM OF THE ARTERIAL PRESSURE RESPONSE TO 
THE VALSALVA TEST: THE BASIS FOR ITS USE AS AN 
INDICATOR OF THE INTACTNESS OF THE SYMPATHETIC 
OUTFLOW 

STANLEY J. SARNOFF, ESTHER HARDENBERGH and 
JAMES L.‘ WHITTENBERGER 

- From the Department of Physiology, Harvard School of Public Health 
BOSTON, HASSACHDSETTS 

T he details of the response of arterial pressure to short periods of high 
intrapuhnonary pressures (40 mm. Hg) have not previously been clearly 
elucidated. It is the purpose of this communication to define the reflex 
pathways over which this response travels and to indicate its usefulness as a test for 
the degree of activity of the sympathetic nehrous system, in the normal and after 
sympathectomy. 

Since Valsalva first described the procedure of sustained expiratory effort 
against a closed glottis (i), the test has been used for various' purposes.^ Several 
years ago, it was determined in the dog that the marked rise in blood pressure follow- 
ing the release of a high intrapuhnonary pressure did not occur if an appreciable 
reduction of blood volume had previously been brought about (fig. i). At that time, 
the response to the Valsalva test was used as an index of the adequacy of the circulat- 
ing blood volume (2). In anticipation of the study of shock patients, control data 
were obtained from patients with normal blood volumes on the surgical wards of the 
Massachusetts General Hospital. The rise in blood pressure that followed the 
release of a high intrapuhnonary pressure was found to be present in all but the 
sympathectomized patients. The following experiments resulted from this ob- 
servation. 

Certain phases of the arterial pressure response to forced expiration have been 
carefully studied by Wilkins and Culbertson (3). These authors found that in man, 
following the Valsalva test, the overshoot of femoral arterial pressure was either 
diminished or abolished after bilateral s)nnpathectomy. Direct proportionality was 
not established between the degree of sympathetic denervation and the diminution 
of the overshoot in any given patient, although the collected data suggested that 
such a proportionality might exist. 

Received for publication April 23, 1948. 

‘ The various names given to this test or maneuver (clinically) arc likely to give rise to confusion 
in regard to understanding its mechanism. It is certain that simply drawing in a deep breath and 
holding it does not initiate that sequence of events resulting in a uniform post-stiinulus overshoot. 
The term ‘breath-holding test’ would, therefore, seem to be inadequate. Drawing in a deep breath 
and blowing it out as forcefully as possible is likewise not likely to 3'icld cither a striking or consistent 
response. Actually the proper test (as was first described by Valsalva) is a sustained, forced, ex- 
pirator>' eflort against an obstructed airway v/hich is usually cither a closed glottis or a column of 
mercurj’. It is suggested, therefore, that the test be called citlier by Valsalva's name as heretofore, 
or the terra ‘forced obstructed expiration’ be used. 
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SIETnODS 

Male and female dogs weighing from 9 to 15 kilograms were used. Morphine 
sulphate (5 to 10 mgni.) was used as preliminar}' medication, after which urethane 
was administered as needed for quiet steady anesthesia. This amounted to between 
0.4 and i.o grams per kilogram of body weight. No anesthetic agent was adminis- 
tered between tests whicli were being compared ro each other. 

Arterial pressure was recorded from the femoral artery. The pressure-recording 
device used was an electronic strain gage led through a carrier t3^pe amplifier to a 
direct- writing oscillograph- as previously devoloped (4). The paper on which all the 
tracings in this experiment were made was printed in millimeter divisions. The 
paper speed for all exTieriments was 2.4 mm. per second. Intravenous, intracaval, 
intra-auricular and intraventricular pressures were recorded through a no. 9 catheter 
100 cm. long. 

In some experiments an incision was made in the atlanto-occipital membrane 
and a no. 6 ureteral catheter threaded down the subarachnoid space until the tip 



A 



Fig. I. Arterial pressure response to 
intratracheal pressure of[4o mm, Hg applied 
for 30 seconds. Stimulus A was applied prior 
to bleeding. Stimulus B was applied follow- 
ing the removal of one sixth of the dog’s es- 
timated blood volume. Blood pressure in 
mm. Hg. Time marker indicates 5-second 
intervals. Dog is under nembutal anesthesia. 


reached the sacral area. \^ar}'^ing doses of r per cent procaine hydrochloride could 
then be convenient!}'’ administered. As demonstrated by Co Tui (5) a total spinal 
anesthesia can be induced by this catheter technique. Co Tui s method was modified 
to produce a graded and also reversible chemical s^'mpathectomy, since the subse- 
quent washing out of the procaine in the subarachnoid space with saline was capable 
of removing the block and restoring the sjonpathetic influence on the periphery in a 
matter of minutes. 

A tracheal cannula was secured in place and coimected to a source of compressed 
air. This stream of air under pressure was run through a mercuiy trap so that the 
pressure in the system would always be at, but never exceed, 40 mm. Hg. The trap 
was connected to a 20-liter carbo}' in such a way that a large reserv^oir of air under a 
pressure of 40 mm. Hg would be available to afford an instantaneous stimulus. A 
side arm on the tracheal cannula allowed the dog to breathe normally between stimuli. 

An ordinary sphygmomanometer cuff was wrapped snugly, but not tightly, 
around the dog’s chest with its upper margin in the axillae. The dog was then 
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secured to the dog board in the supine position. A rubber tube from the cuff was 
attached to the source of compressed air from the carboy so that the perithoracic 
cuff would be inflated at the same time and by the same pressure that was applied 
to the lung. 

The standard stimulus, used in ever>'- case, was as follows. At the onset of the 
stimulus, the airway was closed and the tube from the pressure reservoir opened, 
thus exposing the lung and perithoracic cuff simultaneously to a pressure of 40 mm. 
of Hg. After 30 seconds, the airway was opened and the tube leading from the 
pressure reservoir clamped shut, permitting immediate restoration of normal condi- 
tions of breathing. Three hundred and fifty-seven such tests were performed on 10 
dogs. 

When vagus section was performed, it was done high in the neck. Wien 
tetraethylammonium chloride was used, 100 mgm. in 10 cc. of saline were injected 
into the femoral vein in a period of about one minute. 



Fig. 2. Typical response of femoral arterial pressure to the Valsalva test. Compoiieiils a, b, 
c, d, e and/ explained in text. Pressure in mm. Hg at right. Signal marks indicate beginning and 
end of applied intratracheal pressure which lasted for 30 seconds. 

RESULTS 

Response lo Standard Stimulus. Figure 2 is representative of the arterial 
pressure response to the standard stimulus as described above. It can be seen that 
immediately following the application of the standard stimulus there is a slight rise 
in pressure (a), followed by a rapid fall (b) and narrowing of the pulse pressure. 
There is then a tendency to level off (c) with a further narrowing of the pulse pres- 
sure. Immediately after the release of intrathoracic pressure there is a slight 
further fall (d), and then a bounding pulse wave that climbs to levels (e) far in excess 
of the prestimulus figure. This component (e) will be termed the overshoot. After 
a variable period of time, the blood pressure returns to its prestimulus level (f). 

Figure 3 shows the response of the pressure in the femoral arter)% femoral vein, 
abdominal vena cava, right auricle and right ventricle to elevation of intrapulmonary 
jiressure to 40 mm. Hg for 30 seconds. All tests in figure 3 were done in succession 
on the same dog. The vagi had previously been cut. 

All but the pressure tracing from the right ventricle arc self-explanatory. The 
irregularities in the cur\-e during the forced expiration on all the tracings corrcs])ond 
in part with the dog’s attempts to make respirator^' motions. These same irregulari- 
ties are sometimes seen in the femoral artery tracings but arc less well marked. 

The right •ventricular pressure response to forced expiration (fig. 3F) is of some 
additional interest in that there was a distinct overshoot in the right ventricle follow- 



August ig4S 


ARTERIAL PRESSURE RESPONSE TO VALSrVLVA TEST 


319 


ing the release of intrapulnionary pressure just as in the systemic arterial response. 
The significance of this will be discussed later. 

Effect of Vagm Section on the Overshoot. AJost of the experiments in this in- 
vestigation were performed after the vagi had lieen cut. This was done for two 



Fig. 3. Responses to the Valsaeva test of the pressures in: A, femoral arter)', B, femoral 
vein, C, inferior vena cava, D, right auricle and E, right ventricle. Pressure in mm. Hg designated 
to the right of each scale. The various ranges were obtained by changing the amplification of the 
current from the strain gage to suit the particular need. 

reasons. First, the sectioning of the vagi yielded a steadier preparation and one 
free from the excessive vagal activity that usually accompanies morphine-urethane 
anesthesia. This made interpretation and comparison of the records easier and 
gave larger overshoots with which to deal, since after section of the vagi the extent 
of the overshoot usually increased and became more uniform. This fact led to the 
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conclusion that vagal activity can inhibit the extent of the overshoot. Figure 4A 
shows the overshoot response with intact vagi, and figure 4B, the response after the 
vagi had been cut. It can be seen that the overshoot response after vagus section 
is greater. Atropinization had the same effect. Secondly, it was thought that by 
cutting the vagi, the aortic depressors would be eliminated and a more satisfactory 
study of the influence of the carotid sinuses could be made. 

Effect of Spinal Anesthesia on the Overshoot. Figure 5 shows the effect of gradu- 
ally ascending spinal anesthesia on the overshoot {component e). The vagi had 
previously been cut. The response prior to spinal anesthesia is shoum in figure 
5A, where a distinct overshoot is seen. The responses obtained in the same animal, 
as the spinal anesthesia is driven gradually higher by additional injections of procaine, 
are shown in figure 56, C and D. It can be seen that as the block ascends and the 
blood pressure falls, the overshoot diminishes and is finally abolished. In figure 5E 
is shown the effect of the rapid irrigation of the^spinal canal with saline and the rise 



Fig. 4. Effect of cutting the vagi on the arterial pressure response to Uie Valsalva test. 
A, prior to vagotomy; B, two minutes following vagotomy. Blood pressure in mm. Hg at the right. 

of blood pressure to normal levels. In 5F the overshoot is again present in a test 
obtained after the washing. These data are representative of the results of this 
procedure in three dogs, in which no contrary data were obtained. 

Effect of Telraelhylannnoninm Chloride on the Overshoot. Figure 6 shows the 
effect of tetraethylammonium chloride on the femoral arterial response to forced 
inflation of the lungs. Acheson et al. have demonstrated that this agent blocks 
autonomic impulses at the ganglionic synapse (6, 7). Since the vagi had previously 
been cut in this experiment, the effect of the drug is presumably on the sympathetic 
outflow. Figure 6A shows the response prior to the administration of the drug. 
Figure 6B shows the fall of blood pressure directly after the injection of 100 mgm. of 
tetraethylammonium chloride intravenously. In figure 6C it can be seen that the 
overshoot has been greatlj' diminished. In other experiments it was abolished. 
I’iirure 6C, D and E show the re.sj)onses during and after recovery from the drug. 
These figures arc representative of the results of this procedure in 5 dogs, in which 
no contrary data were obtained. 
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Fig. 5. Effect of graditally ascending spinai block on the arterial pressure response to 
the Valsalva test. A, normal response. B, response ii minutes after injection into spinal catheter 
of 30 m^m. (3 cc.) of procaine; between B and C (6-minute interval) second injection of procaine, 
10 mgmT (i cc.). C, response 5 minutes after second procaine injection; between C and Z) (6-minute 
interval) third injection of procaine, 10 mgm. (i cc.). D, response 3 minutes after third procaine 
injection. E, prompt rise in blood pressure accompanying the washing out of procaine from the spinal 
canal with 100 cc. of normal saline injected into catheter (signal mark in tracing .E indicates beginning 
of wash), F, response 10 minutes after completion of spinal wash. Blood pressure in mm. Hg at 
right. 


Effect on the Overshoot of a Coniimwus Intravenous Infusion of Epinephrine. It 
was thought that the effect of a continuous infusion of epinephrine might shed some 
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light on the efferent pathway involved in the overshoot response to the Valsalva test. 
For, if the overshoot were due to sympathetic activity reflexly engendered during the 
period of forced expiration, in the presence of excess circulating epinephrine the 



Fig 6. Effect of intravenous XETRAETiiyiAxmoNiuM chloride on the arterial pressure 
response to the Valsalva test. A , normal response; B, fall in arterial blood pressure following the 
intravenous injection of 100 mgm. of tetraethylammonium chloride (10 cc.) given at beginning of 
tracing; C, response 2 minutes after injection; D, response 6 minutes after injection; E, response i 
hour after injection. Blood pressure in mm. Hg at the right. 

stimulus should find the efferent pathway already activated and, therefore, have 
little or no additional effect. I'igure 7 shows the effect on the overshoot response of a 
continuous intravenous infusion of o.i cc. per kilogram per minute of a 1:10,000 
solution of ejiinephrine hydrochloride. Figure 7A shows the rc.sponse prior to the 
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infusion; figure 7B the response during the infusion. It can be seen that prior to 
the infusion the overshoot is appreciable and during the infusion it is abolished. 
Figure 7C shows the response after the epinephrine infusion was stopped, and it 
can be seen that the overshoot has returned. These figures are representative of 
several tests that were done before, during and after the infusion. The largest 
overshoot obtained during the infusion was always smaller than the smallest over- 
shoot obtained before and after the infusion. 

Ejffect of Common Carotid Artery Occlusion on the Overshoot. Figure 8 shows the 
effect on the overshoot of occluding both common carotid arteries. The vagi have 
abolition of the overshoot response during carotid occlusion. Figure 8C shows the 



Fig. 7. Effect of continuously administered intravenous epinephrine hydrochloride on the 
arterial pressure response to the Valsalva test. A, response prior to infusion; B, response during a 
continuous infusion of o.i cc/kgm/min. of a 1:10,000 solution of epinephrine hydrochloride; C, 
response ii minutes after stopping the infusion. Blood pressure in mm. Hg at the right. 


been cut. Figure 8A shows the response with open carotids. Figure 8B shows the 
overshoot after release of the carotids; it can be seen that the overshoot has regained 
its initial extent. These data are representative of the results of this procedure in 
8 dogs in which no contrary data was obtained. The overshoot was not abolished in 
every case but was always significantly diminished. This was observed in the 
intact (fig. 9) as well as the vagotomized dog. In those experiments in which the 
overshoot was diminished but not abolished by carotid occlusion, it was, thought 
that a possible explanation might be as follows. The pressure in the carotid sinuses 
is lowered by carotid occlusion yet is high enough to be further affected (via vertebral 
anastomoses) by the sy'^stemic hypotension resulting from the test stimulus, thus 



324 


S.\IIN0FF, HARDENBERGH AND WHITTENBERGER 


Volume TJ4 


z66- 



Fig. 8. Effect of carotid artery occlusion on the arterial pressure resjjonse to the Valsalva 
test. Vagi cut. A , response prior to carotid occlusion; B response during occlusion of both common 
carotid arteries; C response after release of the carotids. Blood pressure in mm. Hg at the right. 



Fig. 0- Effect or carotid artery occlusion on the arterial pressure response to the Valsalva 
te.st. Vagi intact. A, response prior to carotid occlusion; B response while^ both common carotid 
arteries arc occluded; C response after release of the carotids. Blood pre.ssurc in mm. Hg at the rig it. 

bringing into play more vasoconstrictor activity. This was verified by direct ob- 
servation. 
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BISCDSSION 

Although factors affecting the height of the overshoot of blood pressure following 
the Valsalva test are the important considerations in this group of data, the explana- 
tion of the other components of the blood pressure cun^e during and after the ap- 
plication of increased intrapulmonary pressure will be briefly discussed first. 

Component a. Immediately after the intrapulmonary pressure is increased 
there is a slight but definite rise in arterial pressure in some instances. At the time 
the stimulus is applied, the pulmonary vascular tree has a normal amount of blood 
in it. This sponge-like structure is then squeezed by the sudden thrust of air against 
the chest wall that is kept more or less fixed by external pressure. The contained 
blood is thus forced in the direction of least resistance, namely towards the left heart, 
yielding a sudden increment in left venous return, cardiac output, and, thus, an 
increased systemic arterial pressure. This appears to be the most logical e.xplanation 
for the a component, even though in some dogs no a component was ever elicited. 

Cofnponent b. The precipitous fall b is due to a diminution in venous return. 
An increase in intrapulmonary and intrathoracic pressure is produced and acts like a 
pneumatic clamp across the vessels of the pulmonar}'^ bed and the great veins in the 
thorax. The blockade must be almost complete and the result is a marked decline 
in venous return, cardiac output and systemic arterial pressure. 

Component c. Following the precipitous fall b, there is a tendency for the 
arterial pressure to level off c at veiy^ low levels. 

Component d. Immediately following the release of pressure in the airway 
there is a further slight fall in arterial pressure d. The compressed vascular tree of 
the sponge-like lung expands, momentarily absorbmg right ventricular output, and 
thereb)'’ momentarily decreases venous return to the left ventricle, left ventricular 
output and systemic arterial pressure. 

Component e. The bounding rise in arterial pressure to heights far in excess of 
prestimulus levels is the significant component in the clinical test for the degree of 
intactness of sympathetic vasoconstrictor pathways. The marked overshoot does 
not occur in the absence of the vasoconstrictor mechanism as evidenced by the ex- 
periments with spinal anesthesia and tetraethylammonium cliloride. Likewise, the 
activity of tire carotid sinuses is essential, since, if they are e.xcluded, the response is 
either abolished or diminished. It seems logical to postulate, therefore, that the 
overshoot is a result of the following sequence of events: a) Vdien the intrathoracic 
pressure is raised at the onset of the stimulus, the arterial pressure falls sharply and 
the carotid and aortic pressor receptors are exposed to greatly diminished intra- 
arterial pressures; b) the vasomotor center responds to the decreased afferent impulses 
and reflex pressor mechanisms are brought into action via vasoconstrictor, adrenal 
and cardio-accelerator fibers. If these pathways are intact, the onrushing blood 
released at the end of the stimulus is put out of the left ventricle more forcefully 
against an intensely constricted peripheral arteriolar bed and the pressure rises to 
extreme heights. On the other hand, if a. significant portion of the peripheral vaso- 
constrictor mechanism is not functioning, the blood is put out against an arteriolar 
bed to which the vasoconstrictor impulse has not been fully applied, and the arterial 
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pressure does not exceed prestimulus levels if the defect in the efferent sympathetic 
pathway is severe enough. The extent to which the adrenal glands participate in 
this response has not been determined, but they might reasonably be expected to 
play an appreciable part. The effect of the release of accumulated metabolites on 
the circulation during the overshoot period has not been evaluated. 

The overshoot of right ventricular pressure was at first thought to be due solely 
to the release of blood that had been dammed back on the venous side of the circula- 
tion during the stimulus. This interpretation would be in keeping with the experi- 
ments of Euler and Liljestrand in which carotid artery occlusion had little or no 
effect on the pulmonary arterial pressure of the cat under clfforalose (8). It was 
with some surprise, therefore, that we found first a marked increase in the level of 
right ventricular pressure following simple bilateral common carotid artery occlusion 
(fig. 10). A systematic investigation of this interesting reflex response has been 
undertaken and will be reported separately. Secondly, the magnitude of the right 
ventricular overshoot was appreciably diminished if the test was performed while 
the carotids were occluded. This led us to believe that occlusion of the common 
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Fig. 10. Eitect of bilateral coinioN carotid artery occlusion on right ventricular pres- 
sure. The occlusion was performed at the signal. Blood pressure in mm. Hg at the right. 


carotid arteries has a specific effect on right ventricular systolic pressure, elevating 
the resting level and also decreasing the magnitude of the overshoot response. 

The effect of spinal anesthesia on the arterial pressure response to the Valsalva 
procedure should be evaluated in the light of recent work on the role of the sympa- 
thetics in the hypotension induced by spinal anesthesia. It had previously been 
thought that under spinal anesthesia muscular stasis might be responsible for the 
hypotension. However, the results of differential blocking procedures (in which 
the sjmpathetic but not the motor neurones in the subarachnoid space were blocked) 
indicated that paralysis of the sympathetic outflow was largely, if not completely, 
responsible for the fall in blood pre.ssure under spinal anesthesia (9-12). 

The extent to which extraneous factors can alter the overshoot must be con- 
siderable. It has been shown that a low blood volume can diminish or abolish it (2). 
Factors which cause greater than normal sympathetic activity in the prestimulus 
period (such as cold, fear, pheochromocytoma etc.) might be expected to alter the 
overshoot by pre-c.xciting the efferent sympathetic pathways before the test is 
performed. Either excessive vagal activity or medication interfering with vagal 
action might alter the overshoot by either augmenting or diminishing the normal 
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inhibitory action of the vagus. Likewise, hypersensitivity of the carotid sinuses 
logically falls in that group of causes that might be expected to alter the response to 
the Valsalva test. 


SUJIMARY 

1. Pressure changes in various parts of the circulatory system, resulting from a 
30-second elevation of inlrapulmonic pressure, form characteristic and consistent 
patterns. 

2. The arterial pressure response has sLx components, of which the poststimulus 
overshoot, or rise of blood pressure above the prestimulus level, is the main subject 
of this paper. 

3. This overshoot is the result of reflex sympathetic activity engendered by the 
hypotension present in the carotid sinuses during the period that venous return is 
impaired. (The extent of participation by the aortic receptors was undetermined.) 

4. Removal or diminution of carotid sinus activit}’^ diminishes or abolishes the 
overshoot. 

5. Partial or complete blockade of reflex sympathetic activity either by tetra- 
ethylammonium chloride or b)'- graded, segmental, spinal anesthesia diminishes the 
overshoot in direct proportion to Ike extent of the blockade. 

6. Vagal activity inhibits the overshoot to a variable degree. 

7. The presence of an excess of circulating epinephrine diraimshes and may 
abolish the overshoot. 

8. The overshoot of right ventricular s3^stolic pressure is influenced by the 
presence or absence of carotid sinus activity, much as is the overshoot of systemic 
arterial pressure. 

g. The standardization of any clinical test designed to use the degree of over- 
shoot as a quantitative estimate of sympathetic activity should take into considera- 
tion the factors of medication, vagal activity, cold, apprehension, carotid sinus 
sensitivity and the presence of circulating epinephrine, as well as the patient’s blood 
volume. 
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CARDIAC EFFECTS OF INTRAADNOUS INJECTION OF SMALL 
VOLUMES OF STRONGLY HYPERTONIC SOLUTIONS' 
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NEW YORK CTTY 

T he intravenous injection of even small volumes of strongly hypertonic 
solutions may result in marked circulatory changes in mammals. Numerous 
studies have been carried out in an attempt to analyze these effects, particu- 
larly with reference to the therapeutic uses of such injections. Among the vascular 
and cardiac changes which have been described in cats, dogs and human beings are 
generalized vasodilatation (1-3), coronary arterial constriction (4), alterations in the 
electrocardiogram, and tachycardia (3, 5). We have noted in a series of experiments 
on cats and dogs that the effects of such injections upon the heart may be more com- 
plex than described previously. The cardiac alterations include irregularities, 
dropped beats or extrasystoles, and, perhaps most characteristically, a precipitous 
and profound slowing of the heart, which is abolished by bilateral section of the 
vagus nerves. The latter effect may be demonstrated with ease in cats and, less 
readily, in dogs as well. The purpose of this paper is to describe in some detail the 
cardiac effects of the intravenous injection of small volumes of strongly hypertonic 
solutions. 


METHODS 

Experiments were performed on 20 cats ranging in weight from i.y to 4.0 kg. and 13 dogs valv- 
ing from 3.5 to 15 kg. in weight. Most of the animals were anesthetized by the intravenous or intni- 
peritoneal injection of nembutal (sodium pentobarbital — ^36 mg/kg.). In addition, experiments were 
carried out on 3 dogs which had been deccre!)rated under ether anesthesia, upon one unanesthetized 
(local 2% procaine anesthesia), and on 2 chronically sympathectomized dogs. 

In general, simultaneous femoral arterial pressure tracings were made using a standard recording 
mcrcurj' manometer and a Hamilton metallic membrane manometer with optical recording. Heart 
rates and information as to the general character of the pulse waves were obtained from the Hamilton 
manometer records. The error in calculating the heart rate from counts of the number of prc.ssure 
pulses seen on the Hamilton record, during successive three-second intcrx'als, was estimated as being 
of the order of ±5 per cent. The mercury records were used to relate the mean arterial |)rcssurc 
witl) the obscrv’cd cardiac rate changes. Electrocardiogram records were obtained by tlie use of a 
General Electric portable electrocardiograph. 

The effects of the injection of 20 per cent sodium chloride solution were studied in detail. In 
a few additional experiments, records were also taken during the intravenous administration of other 
hypertonic solutions including 5, 10 and 15 per cent NaCl and 50 per cent glucose, i he volutnes of 
these fluids given in a single injection ranged from one to 6 ml. for cats, and from 2 to 16 ml. in the 
observations upon dogs. .All of the solutions were at room temperature. Eriual volumes of o.g i)er 
cent NaCl were p%'en in several e.xjieriments as controls on the mechanical and thermal effects of this 
type of fluid infu.'ion. The results of injecting comj)arable volumes of distilled water and of afijiroxi- 
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matelj' isotonic solutions of low and of high pii (0.155 hydrochloric acid and 0.155 M. sodium 
hydroxide) were studied also. 

Injections were made into the external j'ugular vein, or less frequently, into the femoral vein 
or one of the auricular appendages which had been exposed by opening the chest during intermittent 
positive pressure ventilation of the lungs. Solutions were administered as rapidly as possible through 
20-gauge needles inserted into rubber-capped cannulae tied into the blood vessels. The rates of 
inj'ection varied from one to 4 ml. per second and were timed accurately by closing a key in a circuit 
so that a light flashed on the Hamilton record and a signal magnet writing on the mercury record was 
activated. In the later experiments, the kej' was fixed upon the end of the plunger of the inj’ection 
syringe and thus was pressed automatically at the start of the inj’ection. Using the inj’ection signal 
obtained in this manner on the manometer records, the latency of the response to any given solution 
was measured as the time from the beginning of the injection to the beginning of the first cardiac 
cycle of a series showing prolongation. 

RESULTS 

Observations on Cats. In 7 of 12 experiments on cats, transient cardiac ir- 
regularities were observed within a second after the start of the injection of 2 to 3 
ml. of 20 per cent NaCl. The irregularities were seen on the Hamilton records as 

I INJECTION -LEFT AURICLE 




ML. 


20% NaCl 




2«u. 0.9% NaCl 


BILATERAL VAGOTOMY 




Imu 20% NaCl 


TIME 2 SEC. 

Fig. I. Cat 12. Nembutal anesthesia. Femoral arterial pressure records showing the char- 
acteristic bradycardia following the rapid injection of 20% NaCl and its absence after bilateral 
vagotomy. All injections into cannulated left auricular appendage. 

shortened cardiac cycles with an occasional cycle of unusually long duration. Im- 
mediately after this brief period of irregularity, or occurring even in its absence, was 
a far more consistent and striking cardiac change. This was marked slowing of the 
heart, as illustrated in figure i from a typical experiment. Such bradycardia was 
noted in all experiments upon nembutalized cats, as shown by analysis of both 
Hamilton manometer and electrocardiographic records. It commenced within 1.8 
to 4.0 seconds (av. 2.34 ± 0.78 sec.) following intrajugular injection and in three ex- 
periments resulted in complete cardiac arrest for three to nine seconds. In other 
instances tlie minimum heart rates observed, which occurred within 3 to 21 seconds 
after injection into the external jugular vein, varied between 22 and 63 per cent of 
the control rate. A transient and moderate to marked lengthening of the PR in- 
terval (by 20 to 100% of the duration of the control PR interval) was noted at this 
time in the three experiments in which ECG records were obtained. The brady- 
cardia lasted for an average of 107 seconds, the duration ranging in aU experiments 
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from 36 seconds to 6 minutes. At the end of this period, the heart rate returned to 
or surpassed the pre-injection level. Thus in four experiments transient tachycardia, 
in which the heart rate rose to a peak 12 to 20 per cent higher than the control rate, 
followed the phase of bradycardia. It may be noted at this point that the mean 
arterial pressure fell more or less parallel with the decline in heart rate. The ar- 
terial pressure did not return to the control level as rapidly as did the heart rate, and 
the slight tachycardia seen several minutes after the injection of h3rpertonic NaCl 
may have resulted from reflex adjustments to the concomitant hypotension. 

Following bilateral cervical vagotomy, the pattern of heart rate changes in 
response to 20 per cent NaCl injection was altered markedly (fig. i). Usually some 
cardiac irregularities occurred after the injection, but true bradycardia was not ob- 
served in any of the experiments after the vagi had been sectioned. In three ex- 
periments a slight and brief decrease in heart rate was noted, yet this cardiac slowing 
was of a totally different order of magnitude from the effect with the vagi intact. 
The duration was not more than three to nine seconds, and the slowing was of 
relatively lesser degree, the lowest rate observed under these conditions being 80 
per cent of the control rate. Marked alterations in the PR interval were not noted 
after bilateral vagotomy. On the other hand, slight but significant tachycardia 
occurred in five experiments following the injection of 20 per cent NaCl in 
vagotomized animals. In two cases the heart rate increased to 26 and 31 per cent of 
the control, and the elevation in rate lasted for 30 and 45 seconds, respectively. 
In spite of the fact that marked bradycardia did not occur, the mean arterial pressure 
decreased in vagotomized cats. Usually the hypotension was of moderate degree, 
however, the fall in pressure averaging 42 mm. Hg less than the fall occurring when 
the vagi were intact. In only one experiment was the fall in mean arterial pressure 
found to be greater after than before vagotomy, when identical volumes of 20 per 
cent NaCl were injected into identical regions of the vascular bed. 

The control injections of isotonic (0.9%) NaCl produced negligible changes in 
heart rate in both vagotomized and intact animak. In seven experiments, the heart 
rate was observed to vary within ± ii per cent of the control level during the first 
15 to 18 seconds after the injection, a period during which striking bradycardia 
always occurred after injection of the strongly hypertonic solutions. In four ex- 
periments a transient and questionable rise or fall in mean arterial pressure (± 5 to 
6 mm. Hg) was noted, but it lasted only during and for one to two seconds after the 
injection. 

Table i summarizes the results of six experiments in which hypertonic solutions 
other than 20 per cent NaCl were injected. These solutions included 15 and 10 per 
cent NaCl and 50 per cent glucose (approximately isotonic with 10% NaCl). That 
the bradycardia obser\’’ed was a result of the hypertonicity of the injected fluid, 
rather than a specific effect of excess concentration of sodium (or chloride) ion upon 
the heart may be concluded from the fact that the injection of 50 per cent glucose 
caused marked bradycardia just as did hypertonic NaCl. The response to the 
former solution was somewhat less striking, but it was quite comparable quanti- 
tativ’cly v/ith the cardiac slowing following the injection of 10 per cent NaCl. Thus, 
in some animals marked decrease in heart rate followed the injection of 2 ml. of 20 
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per cent NaCl, whereas no bradycardia was seen after the injection of 2 ml. of 10 per 
cent NaCl or 50 per cent glucose. In these animals, however, the heart rate slowed 
after injection of twice this volume of 10 per cent NaCl or 50 per cent glucose. It 
may be noted from table i that 15 per cent NaCl regularly produced bradycardia 
which was qualitatively similar to, though less marked than the slowing following 
injection of 20 per cent NaCl. In preliminary tests it was found that injection of 5 


Table i. Compaeison of the effects of the intravenous injection 
OF various hypertonic solutions in anesthetized cats 


EXPER. NO. 

SOLUTION 

VOL. 

SITE OF 

RATE OF 

VAGAL BRADYCARDIA 

INJECTED 

INJECTION 

INJECTION 

Latency 

Max. degree* 

Duration 

4 

1 

20% NaCl 

ml, 

I 

L. J. V. 

ml/sec. 

1-5 

sec. 

Absent 

sec. 


u 

2 

tt 

1-5 

2-3 

46 

28 


it 

2 

it 

0.4 

4.0 

62 

19 


50% Glucose 

4 

<C 

1-3 

4-5 

SO 

24 

29 

20% NaCl 

2 

Rt. Aur. 

1.2 

1.8 

13 

34 


15% NaCl 

2 

tc 

3-3 

0.9 

5 

16 


10% NaCl 

2 

u 

2.0 

— 

Absent 

— 


« 

4 

u 

4.2 

1.2 

3 i 

22 


So% Glucose 

2 

it 

2.5 

— 

Absent 

— 


U j 

4 

it 

4-7 

0.8 

3 

21 

55 ' 

i 

20% NaCl 

2 

L. J. V. 

2.9 

2.0 

2.6 

19 

15% NaCl 

2 

it 

2.7 

1 .6 

1.8 

13 


10% NaCl { 

2 

{< 

2.4 

— 

Absent 

— 


50% Glucose 

4 

tc 

2.9 

2.7 

1.9 

20 

56 

20% NaCl 

2 . 

L. J. V. 

1.8 

2.1 

2.1 

26 

15% NaCl j 

2 

ii 

1.9 

3-2 

1.2 

12 


10% NaCl 

2 

it 

2.4 

— 

Absent 

— 


50% Glucose 

2 

it 

1-7 

— 

Absent 

— 


ti 

6 

ti 

2.1 

1.4 

1-4 

25 

57 

20% NaCl 

3 

L. J. V. 

2.1 

2.4 

2.8 

26 

15% NaCl 

3 

it 

2-3 

— 

Absent 

— 


10% NaCl 

3 

tc 

2-3 

— 

Absent 

— 


50% Glucose 

6 

ti 

2.6 

— 

Absent 

— 

S8 1 

20% NaCl 

3 

L. J. V. 

2.1 

3-0 

35 

48 

i 

15% NaCl 

3 


■ 2.3 

3-0 

20 

55 

i 

10% NaCl 

3 

tc 

2-5 

4.4 

1.2 

13 


50% Glucose 

6 

tc 

1-3 


Absent 



‘ Maximal degree of vagal bradycardia = duration of most prolonged cardiac cycle following 
injection duration of average control cardiac cycle. 


per cent NaCl did not result in bradycardia. Specific tests of the effects of varying 
the rates of injection of the hypertonic solutions were not made. It may be noted, 
however, that volumes of 10 and 20 per cent NaCl which caused marked brady- 
cardia when administered rapidly could be introduced very slowly and caused no 
alteration in heart rate. In general, it would appear that the concentration, volume 
and rate of injection of hypertonic solutions are interrelated variables determining the 
occurrence and intensity of the bradycardia response. 
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Of the other fluids tested^ distilled water, a ‘maximally hypotonic solution’, did 
not alter the heart rate in the quantities used (2 to 4 ml). Similarly one ml. volumes 
of the strongly alkaline solution, approximately isotonic sodium hydroxide, were 
without effect. The intravenous administration of one ml. of isotonic hydrochloric 
acid caused a characteristic and totally different type of response in the five experi- 
ments in which it was tested — delayed h)q)otension, apnea, and occasionally a slight 
bradycardia. It may be concluded then that the injection of highly hypertonic 
solutions produces a profound slowing of the heart rate in anesthetized cats with vagi 
intact and that this effect is quite specific and dependent upon the increased concen- 
tration of the injected fluid. It has been observed also that such injections may 
result in cardiac irregularities even after bilateral vagotomy. In addition, there is 
transient hypotension which is exaggerated by the concomitant vagal bradycardia, 
but occurs even in the absence of any change in heart rate. The overall response is, 
however, more complicated than this. Alterations in the depth and rate of respi- 
ration occur and will be described in more detail in a subsequent paper. The vari- 


Tabi-e 2 . Vagal bradvcaedia in tmANESTHETizED and decerebrated dogs resulting 

FROM THE INTRAVENOUS INJECTION OF 20 PER CENT SODIUM CHLORIDE 




! 


VAGAL BRADYCARDIA 


EXPEE. 

VOL. 

EATE 








Latency 

Max. Degreet 

Duration 



■mji 


scc> 


sec. 

989 

■Unanest. 



3-8 

i-S 

7 





5-0 

12 

30+ 

Di 

Decer. 

8 


3-0 

8 

7 

D2 

Decer. 



4 -S 

38 

82 

D 3 

Decer. 



5-3 

3 

8 


1 Masinal degree of vagal bradycardia = duration of most prolonged cardiac cycle following 
injection duration of average control cardiac cycle. 


ations in cardiac rate, mean arterial pressure and respiration appear to be independent 
to a large extent and, yet without doubt, each is modified by the others through reflex 
cardiovascular and respiratory adjustments. 

Observaliom on Dogs. The results obtained in the seven experiments which 
were carried out on normal dogs anesthetized with nembutal were in marked contrast 
to the effects seen in nembutalLzed cats. Instead of the consistent and profound 
bradycardia dependent on the presence of intact vagi, as described in the latter, the 
alterations in heart rate were inconstant. In three experiments the heart rate was 
slowed by less than ii per cent and a comparable degree of bradycardia occurred 
after bilateral vagotomy. Similarly, some decrease in heart rate was noted after 
vagotomy in two of the four experiments in which irregularities with more marked 
slowing of the heart had occurred when the vagi were intact. In these four experi- 
ments, the minimum heart rates observed ranged between 37 and 77 per cent of the 
control rates. In most of the experiments there was a profound fall in arterial 
pressure and, closely correlated with this, a tachycardia which occurred within 30 
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to 36 seconds in six of the seven experiments upon normal nembutalized dogs. Such 
tach3''cardia was absent in one of the two experiments carried out on chronically 
sympathectomized dogs anesthetized with nembutal. In the other sympathecto- 
mized animal, however, tachycardia was observed even after bilateral vatotomy and 
may, therefore, be tentatively ascribed to direct action of the hypertonic agent on the 
heart. 

As they stand, these results indicate that the vagal bradycardia following the 
injection of hypertonic solutions, as seen in cats, does not occur in the dog. It has 
been shown, however, that anesthesia with barbiturates reduces the cardio-in- 
hibitoxy action of the vagi in mammals (6, 7), and consequently four additional 
experiments were carried out upon dogs under conditions such that anesthetic effects 
were eliminated as far as possible. The experiments were conducted on one un- 
anesthetized dog (local procaine anesthesia) and three preparations in which de- 
cerebration had been performed under ether anesthesia, and the ether subsequently 
removed. In all of these experiments, marked bradycardia was elicited by the rapid 
injection of 3 to 12 ml. of 20 per cent NaCl. In latency, duration and intensity, this 
bradycardia was quite comparable to the cardiac slowing seen in cats following ad- 
ministration of hypertonic solutions (table 2). The bradycardia was, moreover, 
abolished by bilateral cervical vagotomy. The injection of corresponding volumes 
of 0.9 per cent NaCl was found to be without measurable effect on the heart rate or 
arterial pressure. Thus the specific response to the injection of hypertonic solutions 
was closely similar to the effects previously observed in cats. As in the latter species, 
rather complex respiratoiy and arterial pressure alterations following the injection of 
hypertonic NaCl were noted as well. 


DISCX7SSION 

Transient arterial hypotension following the injection of small volumes of 
strongly hypertonic solutions has been described by a number of investigators 
(i, 4, 8-11), but these workers have not noted the occurrence of marked vagal 
bradycardia in cats and dogs after such injections. Sollman (12) cited Retzlaff as 
stating that the injection of larger volumes of hypertonic solutions caused a fall in 
blood pressure and speeding of the heart rate followed, in later stages by cardiac 
slowing as a result of stimulation of the vagus center. On the other hand, Elisch 
(2) noted that in anesthetized cats the slowing of the heart, which resulted from 
injection of one cc. per kg. body weight of hypertonic salt and sugar solutions, was not 
mediated by the vagi since the pattern of circulatory changes was unaffected by 
vagotomy. Bernstein (i) and Binet and Stoicesco (8) did not describe bradycardia 
in etherized and chloralosed dogs and Bernstein stressed rather the occurrence of 
tachycardia which he attributed to both vagal and sympathetic mechanisms. 
Gennari and Levi (10) found that one cc. of 20 per cent NaCl per kg. body weight 
injected into anesthetized dogs caused h3p)otension lasting for a period of 30 seconds 
or more and that this phenomenon was not affected by atropine or vagotomy. Their 
published records give no evidence of bradycardia. Similarly, Muirhead et al. (4) 
observed that the intravenous injection of 10 per cent NaCl, 50 per cent glucose and 
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25 per cent albumin in dogs anesthetized with sodium pentobarbital was without 
significant effect on the heart rate, although transient arterial hypotension occurred. 
The fact that such a constant and striking phenomenon as the vagal bradycardia 
described in the present paper has not been noted previously may, perhaps, be re- 
ferred to the predominant use of anesthetized dogs as subjects for studies on the 
cardiovascular effects of intravenous administration of hypertonic solutions. Evi- 
dence from the experiments which we have performed on unanesthetized and de- 
cerebrated dogs as compared with nembutalized animals indicates that the occurrence 
of vagal bradycardia is abolished readily by anesthesia in the dog. It is far more 
easily demonstrated in the cat. At present, no evidence exists as to whether a similar 
phenomenon occurs in other species. It may be noted that it has not been described 
in anesthetized rabbits (13), nor in studies on unanesthetized human patients 
(3, 5). In the latter, ECG alterations and tachycardia may be observed to follow 
rapid intravenous injections of hypertonic solutions. 

The significance of the vagal bradycardia described above is two-fold. On the 
one hand, a wide variety of hypertonic solutions — sodium chloride, glucose and 
other sugars, radio-opaque materials, etc. — are injected intravenously in certain 
clinical procedures and techniques of experimental physiology. Such infusions, if 
made at a sufficiently rapid rate, may have brief but profound cardiovascular effects 
which should be taken into account in carrying out the procedures and in interpreting 
the results of experiments in which they have been used. In addition the existence 
of this stable and characteristic response immediately raises the question of its 
physiological origin. 'Wffiether direct stimulation of the medullary vagus center 
occurs or whether the effect is attributable to reflex vagal excitation, it is highly 
specific in nature. Thus the response is dependent on increased concentration of the 
administered fluid, whereas alterations of tonicity in the opposite direction (distilled 
water) or of pa (isotonic acid and base) are without comparable results. Simple 
mechanical and thermal effects appear also to be excluded as factors participating 
in the origin of the response. An attempt has been made to establish the mechanism 
of the phenomenon and the results of this study will be presented in a subsequent 
paper. 


SUMMARY 

The intravenous injection of small volumes of strongly hypertonic solutions 
(10 to 20% NaCl, 50% glucose) results in marked alterations in the heart rate of cats 
and dogs. Cardiac irregularities occur initially and in nembutalized cats and un- 
anesthetized or decerebrated dogs these irregularities are followed by tranisent but 
profound bradycardia which is absent after bilateral cervical vagotomy. This 
pattern of response is highty modified in dogs under nembutal anesthesia for, in these 
circumstances, relatively less or variable alterations in heart rate occur and true 
vagal bradycardia is absent. The species variation in the effects of nembutal upon 
this circulatory response mediated by the vagi obscures the fundamental similarity 
of the phenomenon in cats and dogs, for in both species profound vagal bradycardia 
can be demonstrated reproducibly under specifically defined conditions. 
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MECHANISM OF VAGAL CARDIAC SLOWING FOLLOWING 
INTRAVENOUS INJECTION OF SMALL VOLUMES OF 
STRONGLY HYPERTONIC SOLUTIONS^ 

INGRITH JOHNSON DEYRUP* and WILLIAM W. WALCOTT 

From the Deparinient of Zoology, Barnard College, and the Departniefit of Physiology, College 
of Physicians and Surgeons, Columbia University 

NEW YORK CITY 

MONO the circulatory effects of the intravenous injection of small volumes 
ZA of strongly hypertonic solutions, one of the most striking is a transient 
X A but profound bradycardia. Thus, within a few seconds after the rapid 
injection of 2 to 8 ml. of 20 per cent NaCl, 50 per cent glucose, or other highly conr 
centrated solution into the veins of cats and dogs, the heart rate slows. This effect, 
which may last for several minutes, is abolished by bilateral section of the vagus 
nerves. It is present in nembutalized cats and in unanesthetized or decerebrate 
dogs, but not readily demonstrable in dogs anesthetized with nembutal (i). The 
experiments described in the present paper were carried out in order to analyze the 
mechanism of this vagal bradycardia as seen in anesthetized cats following the in- 
jection of strongly hypertonic solutions. 

METHODS 

Experiments were performed on 37 cats ranging in weight from 1.5 to 4.0 kg. Usually the 
animals were anesthetized with nembutal (36 mg/kg. intraperitoneally), but in a few experiments 
decerebration was performed under ether anesthesia and the ether was then removed. The trachea 
was cannulated and, in some experiments where intrathoracic structures were exposed, artificial 
respiration was administered by means of a small adjustable pressure pump. Simultaneous Hamilton 
manometer and mercury manometer pressure tracings were obtained from the two femoral arteries. 

In general, heart rates were determined with an estimated error of ±5 per cent from the Hamilton 
manometer recordings by counting the number of cardiac cycles occurring during three-second inter- 
vals. In eight c.xperiments, respiration was recorded by means of a chest pneumograph. 

Injections of hypertonic solutions were made as rapidly as possible (1-4 ml/scc.) and timed 
accurately as described in a previous paper (i). The solutions used included hypertonic NaCI 
(15 and 20%) and glucose (50%), Control injections of isotonic (0.9%) NaCl were made as well. 

In a few experiments, sodium cyanide (0.4 to 2 mg. per kg. dissolved in 2 to 3 ml. of 0.9% or rare!}' 
20% NaCl) was injected into the external jugular vein and the latencj' of the resulting gasp reflex 
was measured with a stop watch. The sites of injection of the h>pertonic fluids included the ex- 
ternal jugular veins, femoral veins, ascending aorta, and auricular appendages. 

Experiments were carried out to determine whether the vagal bradycardia re.sulted from direct 
stimulation of the medullary’' vagus center, or from excitation of peripherally located receptors 
resulting in reflex vagal discharge. In the first scries of experiments, a comparison was made of 
tlie occurrence and latencies of the responses following injection into peripheral veins, the heart, 
and the ascending aorta. Furthermore, the latent periods for the vagal bradycardia, following 
injection of 20 per cent NaCl and the gasp reflex resulting from NaCN injection into the same vein, 
were compared. In a second series of experiments, tests were made for the occurrence of vagal 
bradycardia after excluding the possibility of direct action of the hypertonic agent on the medullary 
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centers by isolation of the head from the arterial supph’’ of the rest of the animal. Two techniques 
were used. In three e.Tperiments, pairs of animals of approximately equal weight were anesthetized 
and their chests opened while artificial respiration was maintained. The innominate and left sub- 
clavian arteries were doubly cannulated and connected by plastic tubing so that blood flowed from 
the ascending aorta of one cat into the innominate and left subclavian arteries of the other cat. 
Similarly, the innominate and left subclavian arteries of the first animal were perfused with blood 
from the ascending aorta of the second. In this wa3q the arterial supply of the head of one cat was 
obtained from the bodj’’ of the other and the separate effects of injection of the hjqjertonic agent 
upon the body and upon the perfused head of each animal were tested. A second method for 
differentiating the peripheral as compared with the medullarj' effects of the hypertonic solutions 
was to expose and temporarilj' occlude the innominate and left subclavian arteries Just prior to the 
intravenous injection of the hj’pertonic solution. 

To determine whether the vagal bradycardia was dependent on afferent nerve fibers in the 
cardiac sympathetic nerves, four experiments were carried out in which injections were made before 
and after acute bilateral removal of the sj'mpathetic chains from the stellate ganglia to T7. In an 
attempt to analyze the r 61 e of the two vagi in the bradycardia, the left vagus only was sectioned in 
four experiments and injections were then made into the left atria. Subsequently' the right vagus 
was sectioned and the results of hy'pertonic salt injection following this procedure were compared 
with the effects after unilateral vagotomy. Atropine sulfate (1-2 mg/kg.) was injected intramus- 
cularly and the effect upon the vagal brady'cardia was observed in six experiments. Finally, in- 
jections were made into 4 animals decerebrated under ether anesthesia, in order to determine whether 
any central nervous structures anterior to the medullary vagus center were necessai^' for the oc- 
currence of bradycardia in response to the injection of hypertonic solutions. 

It may be noted at this point that the vagal cardiac slowing can be abolished by non-specific 
factors, such as hypotension following opening of the chest, and the excessive manipulation of the 
lungs which may occur during removal of the thoracic sympathetic chains. When the technique 
for any given procedure was being developed, negative results were obtained occasionally, but these 
were not given the same weight as the positive findings obtained after the experimental techniques 
had been perfected. In the few experiments in which cardiac irregularities were observed, a response 
was considered to be true vagal bradycardia only' if it involved the prolongation of many successive 
cardiac cycles and if it was abolished or greatly' modified by bilateral vagotomy. 

RESULTS 

In the 16 experiments in which hypertonic solutions were injected into various 
regions of the circulation, it was found that bradycardia occurred consistently after 
injections into the femoral and jugular veins and both right and left atria, but it was 
either not observed at all, or was seen only after a long latent period when injected 
into the ascending aorta. This is illustrated in figure i, which reproduces the 
Hamilton manometer records from a typical experiment. It may be noted in this 
figure that the heart rate decreased following aU injections of 20 per cent NaCl 
except for the injections into the ascending aorta. The control injections of 0.9 
per cent NaCl were without effect on the heart rate. After bilateral vagotomy the 
hj'pertonic injections produced slight cardiac irregularities, but true bradycardia was 
absent. Table i presents a summary of the latencies of the vagal responses seen after 
injections into different regions of the circulation. In addition, the latent periods of 
the gasp reflex following the introduction of sodium cyanide into the external jugular 
vein are given in the table. The consistent occurrence of cardiac slowing after 
intravenous and intracardiac injections is notable, as is also the exceedingly brief 
latency (usually less than 2 sec.) of the responses following injections into the right 
and left atria. The latency of the bradycardia after left jugular injection (av. 
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2,3 sec.) was slightly longer and the response to femoral venous injection had a yet 
longer average latent period (4.9 sec.). In the single experiment in which brady- 
cardia was observed after intra-aortic injection, the latency was 3.9 seconds, or 
approximately twice the average latency of response to injections into the right and 
left atria. The briefness of the latencies of the bradycardia resulting from jugular 
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Fig. I. Cat 18. Nembutai- AKESTHE siA. Femora! arterial pressure records showing the oc^r- 
rence of bradycardia following the injection of 20% NaCl into the left jugular vein, the right and left 
auricles but not following injection into the ascending aorta. This response is abolished by bilateral 
vagotomy. 

and cardiac injections suggests strongly that the structures stimulated by the hy- 
pertonic solutions are not as far from the site of injection as the medullaiy vagus 
center. This is further confirmed by comparison of the latency of the hypertonic 
salt bradycardia and the gasp reflex following cyanide injection. It may be seen 
from table i that the average latent period for the cyanide gasp reflex is 6.2 ± 2.1 
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seconds. This latency probably represents, for the most part, the time required for 
the cyanide-containing fluid to pass from' the jugular vein, through the right heart, the 
pulmonary vascular bed, left heart, and up to the carotid bodies (2). If the brady- 
cardia which follows the injection of hypertonic solutions results from direct stimula- 
tion of the medullary vagus center, it would be expected that its latency would be 
longer than the latency of the cyanide gasp reflex. That such is not the case is 
suggestive evidence that the effect of hypertonic solutions is not exerted directly 
upon the medullary vagus center. 

As further and more direct evidence for this hypothesis, vagal bradycardia was 
elicited in two out of three experiments following intravenous injection of 20 per cent 
NaCl into animals in which the entire arterial supply to the head was obtained by 
cross-circulation from another animal, and in four out of six experiments when in- 
jections were made intravenously immediately after occluding the arterial supply to 
the head (innominate and left subclavian arteries). It may be noted that in this 
series of experiments there was a fairly high proportion of negative experiments in 
which, after isolation of the head from the rest of the circulation, typical vagal 
bradycardia could not be demonstrated. This ma}'^, perhaps, be attributed to poor 


Table 1. Latent periods of vagal bradycardia after injection of i to 3 ml. of 20% nacl 
INTO DIFFERENT REGIONS OF THE CIRCULATION AND OF THE GASP REFLEX 
FOLLOWING INTRAVENOUS INJECTION OF NACN 
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Standard Deviation 


0.9 
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* Numbers in parentheses indicate number of observations from which averages were obtained. 


physiological condition of the medulla in these experiments, for the procedures used 
were, without question, somewhat radical. In any case, the positive experiments, in 
which vagal bradycardia was obsen^ed after exclusion of the head from the circulation 
of the body, show that the characteristic bradycardia may occur quite independently 
of direct medullary excitation by the injected solution. 

Since the hypertonic solution vagal bradycardia could not be attributed to 
direct stimulation of the medullary vagus center, it was concluded that it was reflex 
in character, resulting from excitation of peripheral receptors. Injection into the 
left atrium usually resulted in marked bradycardia, but intra-aortic injection did not. 
This suggests that the receptors concerned are located, at least in part, within the 
heart itself and, more specifically, in the left heart. As the latent period of the 
response was approximately the same regardless of whether the injections were made 
into the right or left sides of the heart, it seems improbable that the response from 
injection on the right side was completely dependent on receptors in the left heart, for 
this should lengthen the right side latent period by the duration of the pulmonary 
circulation time. It is probable, therefore, that similar receptors are located in both 
the right and the left sides of the heart. 
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Figure 2, which represents data obtained from one of four similar experiments, 
illustrates the fact that bilateral removal of the sympathetic chains from the stellate 
ganglia to T7 did not abolish the vagal bradycardia in response to hypertonic salt 
injection. Such partial sympathectomy should interrupt all cardiac afferent fibers 
running with the sympathetic nerves and, consequently, it was inferred that the 
afferent fibers from the receptors stimulated by the hypertonic solutions are not 
present in the S3mipathetic nerves and must be carried by the vagi. In four ex- 
periments, section of the left vagus nerve alone did not abolish, although it did re- 
duce, the bradycardia resulting from the injection of h3q3ertonic NaCl into the left 
atrium. This indicates that the vagal afferent fibers from the cardiac sensory 
endings must be bilateral in their distribution. 

The intramuscular injection of atropine may completely abolish the vagal 
bradycardia. This result was obtained in two experiments on decerebrated cats 


CfeT 36 NEMBOTM, 


O 



SECONDS 


Fig. 2. Cal 38. Nembdtai. 
AKESTHESiA. Showing the occur- 
rence of bradycardia before and 
after bilateral removal of the thora- 
cic sympathetic chains from the 
stellate ganglia to T?- Following 
bilateral cervical vagotomy, injec- 
tion of 20% NaCl did not cause 
slowing of the heart rate. 


injected with one mg. atropine sulfate per kg. and in cats under nembutal anestliesia 
injected with 2 mg. per kg. In additional e.xperiments on 2 nembutalized animals 
which received one mg. per kg., the vagal bradycardia was not completely abolished, 
although it was markedly reduced. It was concluded from these experiments that 
there is no evidence for sympathetic participation in the observ^ed bradycardia and 
that the efferent, as well as the afferent, path of the reflex arc is carried by the vagus 
nerves. Since it was found in four experiments that the vagal bradycardia could be 
elicited readily in the decerebrate preparation, the medullary vagus center must be 
adequate for completion of the reflex arc. It was concluded, therefore, tliat this 
reflex has the following neural components: a) receptors located, at least in part, 
■within the left heart and probably on the right side of the heart as well; b) afferent 
fibers in the vagus nen'cs; c) the medullary vagus center; d) efferent fibers in the 
vagus nerves. 
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It may be noted that marked alterations in respiration occur concomitantly 
with the cardiac rate changes described. In general, these respiratory effects differed 
in character depending on whether the vagus nerves were intact or sectioned. In 
the animals with intact vagi, respiration was invariably arrested in expiration within 
a time interval ranging in eight experiments from 2.8 to 4.8 seconds (av. time, 3,4 
sec,) after the injection. Usually the expiratory arrest preceded the characteristic 
fall in mean arterial pressure, whereas it succeeded by a fraction of a second the 
beginning of bradycardia. It lasted a variable length of time (3 to 43 sec.) and was 
followed, in general, by respiration which was irregular and frequently of increased 
depth. After vagotomy, expiratory arrest occurred in only one out of nine experi- 
ments, but respiration tended to become irregular and deepened, with prolongation 
and often exaggeration of the inspiratory phase. In general, these respiratory 
changes did not begin for seven seconds or longer and they were almost invariably 
preceded by the characteristic fall in blood pressure. Although the mechanism of the 
respiratory variations following hypertonic sodium chloride injection has not been 
analyzed in detail, the brief latency of the response and its occurrence preceding 
mean arterial pressure changes suggest strongly that it, too, is reflex in character. 
That such reflex modifications in respiration are dependent on afferent fibers running 
in the vagus nerves is suggested by the fact that the response is highly modified and 
frequently abolished by bilateral vagotomy. The slower and irregular changes noted 
after vagotomy may result from direct stimulation of the respiratory centers or from 
reflex stimulation arising from pressoreceptors of the carotid sinuses, 

DISCUSSION 

Evidence has accumulated that various chemical stimuli may excite intracardiac 
receptors with resultant vagal discharge. Jarisch and his co-workers (3-6) showed 
that the profound bradycardia and hypotension follo^ving the injection of several 
drugs (veratrine, mistletoe extract, histamine etc.), ions (potassium, rubidium 
etc.) and other substances may be attributed to the stimulation of intracardiac vagal 
receptors. It has been suggested by Jarisch and his collaborators that all of the 
agents found to cause this response (von Bezold effect) may produce cellular damage 
and release of ionic potassium. This potassium may be tlie fundamental stimulus for 
the observed bradycardia, A related phenomenon, perhaps, is’ the marked vagal 
slowing of the heart which results from the intravenous injection of homologous or 
heterologous serum in cats, as described by Brodie (7). The latter response was 
ascribed by Brodie to the stimulation of the pulmonary receptors of vagal afferents, 
but it resembles closely, in many respects, the responses described by Jarisch and the 
effect which we have observed. Our experiments do not answer directly the question 
as to whether the receptors, which mediate the response to hj’pertonic salt injection, 
are identical with previously described intracardiac sensory endings. It may be 
noted that the reflex effects resulting from veratrine injection, as described by 
Jarisch, included profound hypotension which was not entirely dependent on the 
bradycardia, since it occurred even after reflex cardiac rate changes had been 
abolished by atropinization. Such was not the case in our experiments, in which 
there was no consistent difference between the arterial blood pressure curves of 
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atropinized animals preceding and following bilateral vagotomy. It seems highly 
improbable that the receptors stimulated by hypertonic solutions are identical with 
the intracardiac stretch receptors described by Bainbridge and others (8, 9). Ef- 
fective stimulation of these stretch receptors, located in the great veins and in the 
atria of both sides of the heart, results in reflex speeding of the heart rate. Exactly 
the opposite effect occurs following adequate stimulation of the receptors under con- 
sideration in the present experiments. Furthermore it may be re-emphasized that 
negative results following control injections of isotonic NaCl exclude the possibility 
of any mechanical component in this reflex. 

The physiological r 61 e of the reflex patterns related to intracardiac receptors is 
not clear at present. It appears highly probable, however, that the heart, pub 
monary bed and great veins may function in addition to the carotid-aortic chemore- 
ceptor and pressoreceptor zones as regions of intravascular sensitivity to chemical 
and mechanical stimuli. The studies of Nettleship (10), Nonidez (ii, 12) and others 
have provided histological evidence for a rich intracardiac receptor system in the 
mammal. . Further, Amann and Schaefer (13) have demonstrated that centripetally 
travelling action potential bursts may be recorded from some of the cardiac branches 
of the vagi. Thus there is evidence both for the anatomical existence and for the 
physiological activity of intracardiac receptors. If their role is still far from being 
understood, it may not mean that they are of little physiological significance, but 
rather that the vascular adjustments which they mediate are delicate and occur 
in antagonism to, or in cooperation with, other reflex vascular changes. 

SUMMARY 

An analysis has been made of the mechanism of the profound vagal brady- 
cardia following the intravenous injection of strongly h3TDertonic sodium chloride 
solutions in nembutalized and decerebrated cats. This vagal bradycardia does not 
result from direct stimulation of the medullary vagus center, but rather is of reflex 
origin. The receptors excited are located, at least in part, within the heart itself 
and the vagus nerves constitute both the afferent and efferent paths of the reflex arc. 
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NERVOUS CONTROL OF THE CERVICAL PORTION OF 

THE ESOPHAGUS 
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CHICAGO, ILIXNOIS 

I N A recent communication (i) it was pointed out that in a dog after bilateral 
section of the vagus nerves just posterior to the level of the laiynx the peristaltic 
activity of the upper third of the esophagus was preserved, as evidenced by 
balloon examination as well as roentgenological findings (fig. la, b). Consistent ob- 
servations have been made by one of us {K. 3.) in two more dogs. The current con- 
ception that the cervical portion of the esophagus is supphed by the recurrent laryn- 
geal branches of the vagus would thus seem doubtful. The present study was 
therefore undertaken to investigate the specific motor supply to this portion of the 
esophagus in various animals. 

Most modern textbooks of physiology and some monographs (2-7) state or imply that the re- 
current laryngeal branch of the vagus is the motor nerve to the cervical portion of the esophagus. In 
some others either there is no definite statement (8) or it is simply said that the esophagus is supplied 
by esophageal branches of the vagus (9-1 1). All the statements in this regard are made without 
reference to the species of animal. Most of the old textbooks give no description of tlie nerve supply 
to the esophagus. But in the Textbook of Physiology, edited by Schafer (12), Starling stated that the 
upper part of the esophagus in man, rabbit and guinea pig is innervated by the recurrent laryngeal 
nerves, while in the horse and dog it is supplied mostly by a small branch of the pharyngeal nerve. 
However, he gave no reference to support the latter statement and no similar descriptions at all appear 
in the textbook written by himself (13). 

The more recent workers are rather unanimous in the opinion that the cervical portion of the 
esophagus is supplied by the recurrent laryngeal branch of the vagus nerve and no mention is made 
about the earlier reports which held a view different from the current one. We were not aware of 
these discrepancies between the earlier reports and the more recent ones until the present experi- 
mental work had been almost concluded and the early literature was traced. 

In 1836 Cooper (14) noticed distension of the esophagus with food material in rabbits after 
ligation of the vagus nerves in the neck. But the first extensive study of the relation of the vagus 
nerve to the esophagus was probably made by Reid (15) in 1838. He studied several species of ani- 
mals and in the dog he noticed contraction of the pharyngeal muscles as well as the upper part of the 
esophagus on irritation of the phai^mgeal branch of the vagus. 

Chauveau (i6a) made an extensive study in the horse, donkey, dog, lamb, cow and rabbit. He 
found that while the lower portion of the esophagus is supplied by the terminal branches of the vagus 
in all these animals, the upper portion is by the recurrent branches in the rabbit but in all the other 
animals by a long branch from the pharyngeal nerve, which, he states, was not known before. Brief 
descriptions of the innervation of the esophagus in different species also appear in his book (i6b). 
He found (i6c) that section of the vagi in the neck causes paralysis of the entire esophagus of the 
rabbit but only the lower portion in the dog and horse, while section of the 'superior motor nerve’ of 
the esophagus in the horse involves the entire tracheal portion of the tube, which, however, does not 
affect deglutition seriously. Espezel (i 7) also noticed the difference of the innervation of the esopha- 
gus of the rabbit and the dog. He states that he is the first one to give a detailed description of the 
course of the ‘inferior pharjmgeal nerve’, which is the motor supply for the upper portion of 
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the esophagus of the dog. He concluded that this nerve originates from the superior cervical sj’m- 
pathetic ganglion. 

The same nerve was found in the dog by Kahn {18), but he prefers to call it the esophageal 
nerve. However, in regard' to the origin of this' nerve, he believed that it arises from the superior 
pharyngeal branch and also the nodose ganglion of the vagus ner\'e and received fibers from 
the superior cervical ganglion. He found in the cat, in accord with Reighard and Jennings (19), a 
pharjmgo-esophageal nerve arising -directly from the'. vagus trunk above the' nodose ganglion or to- 
gether .with the superior laryngeal nerve.. In the monkey (Macacus and .Cy nocephalus) he reported 
an esophageal branch from the superior, laryngeal nerve. In all these animals he foun^, however, 
that the recurrent branch of the vagus gives motor innervation to a’ varying portion of the cervical 
part of the esophagus. 

The results obtained by these workers in regard to the double innervation of the cervical por- 
tion of the esopha^s have never been accorded the attention they deserve by the later investigators 
in this field. Kahn’s work was quoted by Cannon (20, 21) and Inaoka (22) but received no confirma- 
tion nor comment regarding innervation of the cervical portion of the esophagus other than the re- 
current. On the other hand, Inaoka’s conclusion that the recurrent larymgeal nerve is the motor 
nerve to the cervical esophagus of the dog was supported by later workers (23-25) . More recent work 
in the cat (26, 27) also is not in accord with Kahn’s report. 

Anatomists have noticed that the inferior pharyngeal branch of the vagus sends filaments to 
the upper part of the esophagus in the dog (28) and the cat (19), although another book (29) fails to 
describe them. In the monkey (Macaca mulatta) the cervical portion is believed to receive branches 
from neither the pharyngeal nerves nor the superior larjmgeal nerve but from the recurrent (30). 
Recent work by Coulouma and Varseveld (31), based on dissection of 12 species of mammals, also 
made a general conclusion that the cervical portion of the esophagus is supplied by the recurrent or its 
branches. 

Stoppage of barium meal in the upper part of the esophagus following extirpation of the superior 
cervical ganglion in the dog has been reported (32, 33). Knight (27) also observed in the cat that 
stimulation of the stellate ganglion increases the contraction of the upper third of the esophagus 
caused by vagal stimulation. However, Inaoka (22) concluded that the sympathetic nerves have no 
importance in the esophagus of mammals. Recent study in dogs after bilateral thoracic or complete 
sympathetic ganglionectomy has revealed no change in the activity of the esophagus (i). 

EXPERUEENTAL 

The early part of the present investigation was devoted to confirming in acute 
experiments that the recurrent laryngeal nerve is not essential to the activity of the 
cervical portion of the esophagus in the dog and to ascertain the real motor inner\’'a- 
tion. 

Two preliminary experiments were made in dogs under nembutal anesthesia. 
The cervical portion of the esophagus w'as freely exposed by midline incision, resection 
of the sternohyoid and sternothyroid muscles and removal of a portion of the trachea, 
care being taken not to injure the recurrent lar3mgeal nerves. Faradic stimulation 
of the peripheral end of the vagus of either side resulted in strong tetanic contraction 
of the whole thoracic portion of tlie esophagus and the lowermost inch of the cervical 
portion. This is well evidenced by the fact that a finger put in the lower part of the 
esophagus through the cardia e.\-perienced during the vagal stimulation a strong grip 
bv the esophageal musculature and simultaneously the cardia was passively pulled 
upward. This upward movement is in accord with the report by Rail, Gilbert and 
Trump (34); apparently the longitudinal and the circular fibers contract simul- 
taneously. The cer\*ical portion of the esophagus remained flaccid, showing no con- 
traction of its musculature c.x'ccpt its lowermost inch, and was mechanically pulled 
downward totvard the thoracic cavity. Direct stimulation of the recurrent laryngeal 
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nerve at the base of the neck had no apparent effect on the esophagus although move- 
ment of the larynx was observed.. 

The findings above provided encouragement to proceed further to find the specific 
motor inner\^ation of this portion of the esophagus. In the first experiment faradic 
stimulation of the superior laryngeal nerve on either side resulted in a weak but defi- 
nite contraction of the whole cervical portion of the esophagus. In the second ex- 
periment no effect at all on the esophagus was obser\’’ed by a similar procedure. 

' Explanation for this discrepancy was found later. However, in this second dog 
faradic stimulation of a small nerve crossing the superior laryngeal nerve dorsally and 
then lying on the dorso-lateral aspect of the pharynx caused a very strong tetanic 
contraction of the whole cervical portion of the esophagus as well as the inferior 
pharyngeal constrictor muscle. The contraction was so strong that the cervdcal 
portion of the esophagus was, on stimulation of this nerve, immediately converted 
into a J&rm muscular cord comparable to the effect on the thoracic portion of the 
esophagus of stimulating the peripheral end of the vagus nerve. In the later experi- 
ments described below this nerve was consistently found and always manifested the 
same physiological action, and is believed to be the main, if not the only, motor in- 
nervation of the cervical portion of the esophagus in the dog. The anatomical 
course and the physiological significance of this nerve will be given below. 

In all the experiments except the first two just described above ether anesthesia 
through tracheotomy was used. An audio oscillator (Hewlett Packard) was used for 
stimulation, the stimulating current used being adjustable in intensity and 10 to 50 
cycles per second in frequency. This audio oscillator has the advantage of being 
adjustable to give a minimal effective stimulation, thus avoiding the effect due to the 
spread of the current. In some experiments the chest was opened along the midhne 
of the sternum and artificial respiration was employed. The esophagus was then 
carefully exposed from the beginning at the level of the cricoid cartilage to the level 
of the. diaphragm by excision of the lungs of the left side and division between liga- 
tures of the left common carotid and subclavian arteries and then the aorta at the 
places where they cross the esophagus. Apparently there was no impairment of the 
excitability of the lower thoracic portion for at least one hour after the aortic transec- 
tion, as judged by observations before and after this step of the operation. As a 
matter of fact, the slight depression of the animal as shown by the sluggishness of the 
comeal reflex after excision of the lungs on the left side, probably due to the resulting 
anoxemia, generally disappeared after the aortic arch was ligated. The beneficial 
effect obtained by this procedure is probably due to the improvement of the cerebral 
circulation. Similar experiments were done on the rabbit, cat and monkey. 

In some dogs and cats chronic experiments were carried out by bilateral section- 
ing of this small nerve with sterile technique. Then roentgenological examinations 
by the aid of meals containing barium sulfate or balloon examinations as described 
in a previous communication were used (i). 

I. Anatomical Description of the Motor Supply to the Cervical Portion of the 

Esophagus 

Acute experiments have been done in dogs, cats, rabbits, monkeys, guinea pigs 
and rats. The course of the special motor nerve supply to the cervical portion of the 
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esophagus was mostly made out by careful dissection in the anesthetized animal with 
the help of electric stimulation. It should be emphasized here that, in general, the 
distal portion of the nerve overlying the esophagus is so closely attached to it and 
often breaks up into such fine branches that the actual length of the esophagus sup- 
plied by this nerve cannot be predicted precisely by means of gross dissection but 
only by electric stimulation. Furthermore, the anatomic course of this nerve may 
undergo some variations which also can only be ascertained by the stimulation 
method. 

a) Dog. In 48 experiments there was found consistently on each side a nerve 
which supplies the inferior constrictor of the pharynx and the entire cervical portion 
of the esophagus. This nerve is about one third of the size of the superior laryngeal 
nerve and is found dorsal and almost at a right angle to the latter at a level just above 
the upper border of the th3Troid cartilage. It goes posteriorly and medially to lie on 
the dorsolateral aspect of the lower part of the phar3mx. Then it courses posteriorly, 
in a slightly zigzag way, toward the lateral aspect of the esophagus, where it breaks 
up into several fine branches. Along its course after crossing the superior laryngeal 
nerve it was found to give a communicating branch to the external branch of the latter 
in about one half of the experiments. Stimulation of the external branch of the 
superior laryngeal after it receives this communicating branch to the external branch 
gives rise to a weak or moderate tetanic contraction of the cervical portion of the 
esophagus. This explains the result obtained in one of the preliminary experiments 
described before. Occasionally this nerve breaks up just above or a little below the 
superior laryngeal nerve into two branches, medial and lateral, which reunite before 
it goes to the esophagus. Fine branches are given to the inferior constrictor muscle 
of the pharynx from the nerve trunk or from its medial branch when it is present. 
When it is traced cephalad, it goes laterally and slightly dorsally, crossing the ventral 
surface or the lower border of the superior cervical sympathetic ganglion, where in 
the great majority of cases strong fibrous tissues bind it closely to the ganglion and 
also to a small nerve given off by the ganglion to the carotid sinus. Then it soon 
joins the superior pharyngeal nerve to form a short common trunk which enters into 
the vagus nerve just above the nodose ganglipn. It is hard to make sure by gross 
dissection whether the sympathetic ganglion gives fibers to this nerve or not, but 
stimulation of the ganglion gave no apparent change of the esophagus. Occasionally 
this nerve has no connection with the branch of the sympathetic ganglion at all, or 
it may break up into two branches, of which only one comes into relation with that 
of the sympathetic. They unite as usual before they go to the esophagus. 

As a general rule this nerve can be easily identified as a small nerve lying on the 
dorsolateral aspect of the lower part of the phaiymx slightly dorsal to the external 
branch of the superior laryngeal nerve. It is present on both sides in all e.xperiments 
except one, in which this nenm was not found on the left side but was present nor- 
mally on the right. 

According to its physiological action so far ascertained it seems appropriate to 
designate this nei^m as the pharyngo-esophageal nerve. 

The effect of tlie recurrent laryngeal nen,'c on the cervical portion of the esopha- 
gus as determined by stimulation of the peripheral end of the vagus or the recurrent 
laryngeal ner%-e at the base of tire neck is rather variable. In the majority of the 
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experiments there was contraction of the lower fourth or third of the cervical portion 
of the esophagus while the upper part was not affected. Stimulation of the pharyngo- 
esophageal nerve in these cases usually gave rise to contraction of the whole cervical 
portion, which is about one third of the entire length of the esophagus. However, in 
about one fifth of the experiments stimulation of the vagus caused contraction of the 
esophagus including the lower two thirds or even the entire length of the cervical 
portion. In these cases the pharyngo-esophageal nerve may cause contraction of 
only the upper two thirds of the cervical portion on stimulation. 

b) Cat. In 14 experiments the cervical portion of the esophagus received its 
motor innervation almost solely from the pharyngo-esophageal nerve. It arises 
from the vagus nerve just above the nodose ganglion in a short common trunk with the 
superior pharyngeal nerve. It goes medially towards the pharynx, being almost 
parallel but dorsal and anterior to the superior laryngeal nerve. As soon as it reaches 
' the pharynx at its dorsolateral aspect it gives branches to the inferior constrictor of 

the phar3mx; then it courses posteriorly dorsal to the terminal branches of the superior 
laryngeal nerve to he on the lateral surface of the esophagus where it branches freely. 
Stimulation of this nerve resulted in immediate tetanic contraction of the cervical 
portion, which, similar to the dog, is about one third of the entire length of the esopha- 
gus. 

One interesting variation may be recorded here. It was found in two animals 
that there was a communicating branch between the superior laryngeal and the 
pharyngo-esophageal nerves. Results obtained by stimulation of the different por- 
tions of these nerves indicated that some motor fibers for the esophagus join the 
pharjmgo-esophageal nerve by way of the superior laryngeal and the communicating 
branch. Stimulation of the superior lar3mgeal distal to the communicating branch 
had no effect on the esophagus — z. condition different from that described in the dog. 

The effect of stimulation of the peripheral end of the vagus nerve was confined 
to the thoracic portion of the esophagus. Only occasionally the lowermost inch or so 
of the cervical portion of the esophagus was involved. The effect of vagal stimula- 
tion on the thoracic esophagus was different from that in the dog. The upper thoracic 
part or the middle third of the esophagus responded by a strong, immediate and sus- 
tained contraction, while the lower third showed a sluggish spasmodic contraction of 
slow onset. 

c) Monkey {Macaais Rhesus). The result of the experiments in three monkeys 
in regard to the innervation of the cervical portion of the esophagus was entirely in 
accord with Kahn’s report. The external branch of the superior laryngeal nerve 
possesses an esophageal branch, stimulation of which caused strong contraction of the 
upper three fourths of the cervical portion of the esophagus. The cervical portion 
of the esophagus in this species of animal is about one fifth of the entire gullet in 
length. Stimulation of the phar3mgeal branch of the vagus caused contraction of the 
pharyngeal muscles, the esophagus not being involved. Stimulation of the periph- 
eral end of the vagus caused contraction of the entire length of the esophagus. It 
is interesting to record here that in response to vagal stimulation the middle third of 
the esophagus showed an immediate tetanic contraction followed after a period of 
short latency by further, but sluggish, contraction. This latter occurred simul- 
taneously with, and similar in character to, the contraction of the lower third during 
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the stimulation. Apparently these findings could be explained on the basis of the 
knovm, muscular constituents of the esophagus of this species- 

d) Rabbit. In the first two experiments it was found that stimulation of the 
superior laryngeal nerve caused no contraction of the esophagus. No ner\^e was 
present in the same anatomical position As the pharyngo-esophageal nerve in the dog 
or cat. Stimulation of .the peripheral end of the vagus in the neck caused strong 
contraction of the entire length of the esophagus. This was in accord with all the 
previous reports (15, i6b, 17) and there has been no controversy in this species of 
animal. In his experiments in the rabbit, Reid (15) stated that: “When the vagi are 
cut in the neck, even as high as the origin of. the superior larjmgeals, the pharynx 
and a verj’- small portion of the esophagus next to it, still retain their healthy action, 
for, as we have already seen, these receive their motor filaments from the pharyngeal 
branches of this ner\'e.” However, apparently he based this statement upon his 
observation in the dog and in neither case did he dissect out the special branch to the 
esophagus. 

In later experiments we found that on stimulation of the central end of the vagus 
nerve a reflex contraction of the upper end of the esophagus was obtained, and was not 
affected after section of the other vagus nerve in the neck and section of the superior 
lar3mgeal nerve on both sides. Judging from the results of the study of the reflex 
contraction of the esophagus on stimulation of the central end of the vagus in the dog, 
which will soon be described in this communication, we were led to look for some addi- 
tional nerve supply to the upper end of the esophagus other than the vagus. On 
careful dissection an esophageal branch was found given off from the pharyngeal 
branch of the vagus but was hidden underneath the pharyngeal muscles on both 
sides. Stimulation of this branch caused contraction of the upper half of the cervical 
portion of the esophagus, while section of this branch homolateral to the vagus being 
stimulated at the central end.greatly diminished the reflex response of the. esophagus, 
and subsequent section of the same branch on the other side abolished the reflex 
esophageal contraction completely. Similar results were obtained in three rabbits. 

e) Guinea pig and albino rat. In both of these species the upper half of the 
cendcal portion of the esophagus receives its inner\'^ation mainly from the external 
branch of the superior laryngeal nenm, as e\'idenccd by its marked contraction on 
stimulation of the ner\'^e in three animals of each species. Stimulation of the periph- 
eral end of the vagus caused contraction of the entire length of the esophagus but 
that of the upper third of the cerNdcal portion was much weaker. 

Thus, it is seen that a separate pharyngo-esophageal nen'e was found in the dog 
and cat and a special esophageal branch in the other species of animals studied. 
Judging from the effect on the cervical portion of the esophagus on faradic stimula- 
tion, there seems to be little doubt about their physiological action, which, however, is 
further supported by the following experiments in the dog and cat. 

2. Experimental Evidences That the Pharyngo-esophageal Nerve is the Main Motor 
Nerve Supply to the Cervical Portion of the Esophagus 

a) Acute experiments. The effect of faradic stimulation of the pliaryngo- 
esophageal ner\'e on the cervical portion of the esophagus has been describcfl above. 
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Stimulation of this nen’-e and the peripheral end of the vagus at the same time always 
gave a strong tetanic contraction of the entire length of the esophagus. 'Wdien the 
esophagus including the recurrent laryngeal nerv’-es was transected at the base of the 
neck and the cervical portion was then freed from all the adjacent connections, stimu- 
lation of the pharyngo-esophageal nerve demonstrated very clearly the simultaneous 
contraction of the longitudinal and circular muscular layers, as shonm by the simul- 
taneous shortening and constriction of the tube. 

In some experiments in the dog, when a balloon inflated with about 20 cc. of air 
was placed in the esophagus at the junction of the cervical and thoracic portions, it 
could be pushed up into the cervdcal portion by stimulation of tbe peripheral end of 
the vagus nerv'^e or doum into the thoracic portion by stimulation of the pharyngo- 
esophageal nerve, evidently due to the strong tetanic contraction of the different 
portions of the tube. 

When the cer\dcal portion of the esophagus was freely exposed and the central 
end of the superior lai^mgeal nerve stimulated under light ether anesthesia, reflex 
swallowing was easily induced in the dog and followed by a distinct peristaltic wave. 
The wave passing along the thoracic portion could be felt by putting a finger into 
the lower esophagus through gastrostom3^ The effect of sectioning the vagi in the 
middle of the neck or the pharyngo-esophageal nerves on the peristaltic movements 
of the esophagus was thus easily determined. Six experiments were done and results 
were consistent. Bilateral vagotomy did not affect the peristalsis over the cervical 
portion of the esophagus but abolished that over the thoracic. Subsequent section 
of the phar3mgo-esophageal nen'^e on both sides made the whole tube quiescent. 
When this nerve was cut on both sides before the vagi, there was no more peristalsis 
over the cervical but still over the thoracic portion of the esophagus. Unilateral 
section of the nerve has no apparent effect on the peristalsis. 

b) Chronic experiments. In order to ascertain the role of the pharjmgo-eso- 
phageal ner^'^e in the normal animal, this nerve was cut aseptically on both sides just 
above the level of the cricoid cartilage under local or general anesthesia in two dogs 
and three cats. In all animals similar symptoms of dysphagia and regurgitation 
developed. In some animals coughing occurred very often during a meal. 

By roentgenological examination with a barium meal in the dog, paralysis of the 
cervical portion of the esophagus with retention of the meal was revealed, although 
the thoracic portion of the esophagus was functionally normal. Balloon examina- 
tions also checked very well with this finding (fig. ic). Operation in the same ana- 
tomical region but cutting the superior laryngeal nerve instead of the pharyngo- 
esophageal resulted in no apparent disturbance of deglutition. 

Roentgenological examination in the cat showed that the paratysis involved the 
whole cervical portion as well as the adjacent upper fourth of the thoracic portion of 
the esophagus (fig. id), while the portion below was active. 

In the course of from three to five weeks each animal with the pharyngo-eso- 
phageal nerve sectioned became free from all these symptoms and roentgenological 
examination was negative except in the dog, which still showed slight retention of 
meal in the upper end of the cervical portion of the esophagus two and a half months 
or longer after the operation (fig. ig). 
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In order to further evaluate the function of the pharyngo-esophageal nerve m the 
cat, one experiment was done in which the vagus ner\'-es were sectioned asepticalW 



Fig. la. Roentgenograph showing the condition of the esophagus in a dog after bilateral vagot- 
omy at the level just posterior to the larynx, Milk containing barium sulfate has been given to the 
animal, b- Showing the same animal as in a. The roentgenograph was taken during deglutition. 
The peristaltic function of the cervical portion of the esojrhagus was jrreserved but the jrart below was 
paralyzed, c. Retention of a balloon in the paralyzed cervical jrortion of the esophagus after bilateral 
section of the pharyngo-esophageal nerve in a dog. d. Retention of barium meal in the cervical por- 
tion and the upper fourth of the thoracic portion of the e.sophagus after bilateral section 
of the pharyngo-esophageal nerve in a cat. c. Apjrearance of the esojrhagus after a barium meal in a 
cat after bilateral vagotomy in the neck jrostcrior to the level of the iaryn.v. Traclicotomy was ai.so 
performed. /. Roentgenograjrh taken during deglutition of the same cat as shown in c. The cervical 
jrortion of the esojrhagus still jro-ssessed jreristaltic activity, g. Retention of barium meal in the 
ujtjrcr third of the ccrvioil portion of the esojrhagus in a dog two and a half months after bilateral 
section of the jrharyngo-esojthageal nerve. 


in the neck postcrirrr to the level of the larynx logetlier with tracheotomy under loctii 
anesthe.sia. Subsequent barium meal c-xaminalions revealed jrerisUiltic function 
conlined to tiie cervical portion of the esophagus (fig. re, i). Paralysis of the thoracic 
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portion of the esophagus was complete and no tertiary peristalsis appeared in a period 
of 10 hours after the' operation. 

3. Reflex Spasmodic Coniraclion of the Esophagus on Stivmlatioh of the Central 

End of the Vagus Nerce 

Meltzer and Auer (35) reported that a reflex tetanic contraction of the esophagus 
on stimulation of the central end of the vagus nerve is quite a reliable finding in the 
dog. Wien weak stimulation is used the tetanic contraction is confined to the 
cervical portion of the esophagus, but with a much stronger stimulation the thoracic 
portion also may be involved. They did not study the efi’erent pathway involved in 
this reflex, and no confirmation of their work was reported. 

In the course of the present investigation with fight ether or nembutal anesthesia 
we demonstrated in dogs consistently that there was a reflex tetanic contraction of 
the lower part of the phar}mx and the cervical portion of the esophagus on stimulation 
of the central end of the vagus nerve. There was usually a period of latency of from 
tv/o to four seconds, and the onset of the tetanic contraction was often preceded by 
some irregular twitchings. As soon as the stimulation stopped there was immediate 
relaxation. Subsequent stimulation of the same nerve gave the same response, but 
the period of latency was often much reduced. 

It was consistently found that section of the vagus of the opposite side has no 
effect on this reflex. Except in one case this reflex was always abolished by section 
of the pharjmgo-esophageal nerve of the same side. In these cases stimulation of the 
central end of the vagus nerve of the opposite side again produced the same phenome- 
non but also was abolished by section of the pharyngo-esophageal nerve of that side. 
In the exceptional case the reflex was abolished only by bilateral section of the nerve. 

4. Periodic Spasm of the Esophagus During Gasping 

In one dog under ether anesthesia after the chest was opened with artificial 
respiration, gasping t3q)e of respiration developed during the course of the experiment 
without apparent reason. At the same time there was a periodic spasmodic con- 
traction of the cervical portion of tlie esophagus corresponding to the later part of 
the inspiratory phase of the gasping. This spasmodic contraction disappeared after 
the spontaneous cessation of the gasping. 

In subsequent experiments efforts were made to reproduce the same phenomena. 
Gasping type of respiration was regularly produced in 8 dogs several minutes after 
ligation of the common carotid and the vertebral arteries on both sides at the base 
of the neck and was always associated with the periodic esophageal spasm during 
the later part of the inspiration. The strength of the spasm apparently correlated 
with the degree of the gasping. 

In one experiment spasm of the esophagus thus produced was found involving 
the entire length of the esophagus, as determined by putting a finger into the lower 
thoracic esophagus through the cardia. In another one the same thing was found 
by direct obser\fation after the chest , was opened. In the rest of the experiments, 
whether or not the thoracic portion of the esophagus was involved was not deter- 
mined. 

In the experiments described above section of both vagus nerves in the neck 
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abolished the spasm of the entire thoracic portion of the esophagus but had no ef- 
fect on that of the cervical portion. The latter was abolished by bilateral section 
of the pharyngo-esophageal nerve in all the experiments. 

DISCUSSION 

Review of the literature indicates that the interesting reports of the earlier 
workers (16-18) concerning the innervation of the cervical portion of the esophagus 
have been entirely ignored by the later investigators. As a matter of fact these old 
but fundamental conceptions regarding the neuromuscular mechanism of this organ 
are not taught to students of physiology, who, on the other hand, are always im- 
pressed by the traditional teaching that this part of the organ is controlled by the 
recurrent laryngeal branch of the vagus nerve regardless of the species. This 
classical conception is apparently based mainly on the experiments in the rabbit, 
which have given consistent results probablj’’ ever since the time of Reid (15), and 
has been generalized to all the mammals, among which the dog and the cat have been 
the commonly used experimental animals. Not only the recent workers (22-27, 31) 
have supported the present conception, but also the earlier investigator, Meltzer, 
who made brilliant studies on the peristaltic activities of the esophagus, apparently 
had the same idea. During his experiments of transecting, the esophagus in the 
dog (36, p. 268), he emphasized that the recurrent laryngeal nerves should not be 
injured, and mentioned no nerve supply from other sources. 

The present investigation among the different species of the ordinarily used 
laboratory animals, however, strongly supports the overlooked old idea that the 
cervical portion of the esophagus does receive some motor innervation in addition 
to the recurrent. There is no exception even in the rabbit to the general finding 
that the cervical portion of the esophagus receives a double innervation from widely 
separated vagal branches, although there are species variations in regard to their 
anatomical course and extent of distribution. 

Evidence has been presented in both acute and chronic experiments in the dog 
proving that the pharyngo-esophageal nerve is the motor nerve that controls all 
the following activities of the cervical portion of the esophagus. These activities 
include peristalsis, the reflex tetanic contraction on stimulation of the central end of 
the vagus nerve and the periodic spasm during gasping as observed in the acute e.y- 
periments. Practically all these activities are abolished by bilateral section of this 
nerve. In chronic experiments in both the dog and cat, the cervneal portion of the 
esophagus was not paralyzed by section of the vagi just posterior to the level of the 
laiynx but by bilateral section of this pharyngo-esophageal nerve, although the 
permanent paralysis is limited only to the very upper portion in the dog. A diagram 
has been constructed to illustrate the motor innerv'ation of the esophagus of the dog 
(fig. 2). 

The question arises as to why such an important nerv'e has not drawn the due 
attention of recent investigators in this field. The old literature could have been 
overlooked, but the generalization of the manner of the innervation in the rabbit is 
not likely to be the only answer to the question of the origin of the current conception 
which, as pointed out in the review of the literature, has received much e.xpenmental 
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support purporting to prove that the cervical esophagus is innervated by the recur- 
rent branch of the vagus. 

There are several reasons that might account for the discrepancies. In the 
first place there could be such exceptional cases in the dog as noted in some of the 
present experiments, in which the entire cervical portion of the esophagus may re- 
ceive motor inner\^ation from the recurrent branch of the vagus in addition to the 
pharyngo-esophageal nerve. In such a case further efforts to search for an additional 



Fig. 2. DlAGRVm ILLUSTRATING THE INNERVA- 
TION of the esophagus in the dog. GN: ganglion no- 
dosum; PE: pharyngo-esophageal nerve; RL: recur- 
rent laryngeal nerve; SCG: superior cervical sym- 
pathetic ganglion; SL: superior laryngeal nerve; SP: 
superior pharyngeal nerve; IX: glossopharyngeal 
nerve; X: vagus nerve. 


motor nerve are apparently not indicated. The manner of innervation of the esoph- 
agus in the rabbit is another good example. 

In the second place, the method of the observation is very important in the 
interpretation of the results. Apparently several different methods have been used 
by these recent workers. By direct inspection Inaoka (22) observed that peripheral 
vagal stimulation does not act on the cervical esophagus, which is only puUed down 
passively. But direct stimulation of the recurrent nerve results in contraction of 
the cervical esophagus. The failure of the vagal stimulation, he believes, is due to 
a block at the inferior cervical ganglion. This is not in accord with our knowledge of 
anatomy and we did not record similar results. The results of stimulation of the 



354 , 


K. HWANG, M. 1 . GROSSMAN AND A. C. IVY 


Volume 1S4 


vagus stuinp and of the recurrent laryngeal usually correlated very well when care 
was taken to avoid the spread of the current. 

According to some investigators (23, 27) records of contraction of the cer\ncal 
esophagus upon vagal stimulation have been obtained by means of a recording 
tambour connected to a balloon placed in the cervical portion of the esophagus. In 
this case it is not impossible that a purely mechanical traction of the cervical portion 
of the esophagus by the shortening of the thoracic portion on vagal stimulation may 
cause a rise of the pressure in the balloon simulating contraction, or the contraction 
of the lower part of the cervical esophagus could be interpreted as contraction of the 
entire cervical portion. 

In chronic experiments the roentgenoscopic method has often been used (i, 26). 
Unless the deglutition movement is carefully observed as shown in figure ib, f, 
roentgenographs such as figure la, e, may give rise to the impression of paralysis of 
the entire esophagus. Those who make vagotomy in the neck usually leave the 
right recurrent larjmgeal nerve intact (20, 27), believing that the innervation of the 
cervical portion of the esophagus is preserved in this way. Jurica (26) reported 
complete paralysis of the striated portion of the esophagus after he made successful 
double vagotomy at the middle of the neck in the cat. However, examination of 
the roentgenographs in his article reveals no retained meal in the cervical esophagus, 
a fact which could be due to the preserved motor innervation by the pharyngo- 
esophageal nerve as shown in the present experimentation. 

One conception that might lead people to overlook the actmty of the cervical 
portion of the esophagus is the effect of the squirting action by the rapid contraction 
of the muscles of the mouth. By this action liquid and semisolids are squirted do^sm 
the esophagus instead by being moved by peristalsis. This is proposed by Kronecker 
and Meltzer (37) and supported by Cannon (38) and Meltzer (39). The latter 
demonstrated a dog drinking in a perfectly normal manner after the muscularis of 
the entire cervical esophagus has been removed. This is not in accord with the 
present report, for dysphagia, although temporary, did develop after cutting the 
pharyngo-esophageal nerves, and also retention of food (milk and barium sulfate) 
was found in the cervical portion of the esophagus (fig. ig). This retained food 
detected by the roentgenologic method could not be explained simply by the separated 
barium sulfate stuck to the esophageal wall as suggested by Meltzer (39), since we 
have never succeeded in causing barium sulfate to stick to the esophageal wall of the 
normal dog by using different food mixtures, liquid or solid. The copious secretion 
of the esophageal glands of this animal may prevent adherence of the barium. 
Judging from these points we can say that the 'squirting’ action is not the only mech- 
anism by which liquid meals pass through the cer\dcal portion of the esophagus and 
that for completing the process of deglutition, normal peristaltic acti\ntics of this 
portion of the organ cannot be neglected. 

The immediate paralysis of the cer\dcal portion of the esophagus following 
bilateral section of the phaiyngo-esophageal nerve in the dog and cat signifies the 
important role played by this nei^'c in normal physiological function. The dis- 
crepanc}’’ that the length of the paralyzed portion of the esophagus following bilateral 
section of the phaiyngo-esophageal nerv-c is longer than what is expected on the basis 
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of stimulation of this nerve in acute experiments in the cat is not readily understood. 
Although there is complete functional recovery in the course of from three' to five 
weeks, residual signs in the dog could still be found two to four or more months later. 
This functional recovery of the once paralyzed organ cannot be explained by regenera- 
tion of the nerve since, on the one hand, a period of three or five weeks is too short 
for the possible regeneration, and on the other hand, the recovery is not complete 
at the uppermost portion in the dog. Further investigation is being carried on to 
find the correct explanation, but in all probability the function is taken over by 
the recurrent laryngeal nerves. This assumption is based upon the fact that the 
recovery is more complete over the lower part of the cervical portion of the esophagus, 
which is often found to be iimervated by both the pharyngo-esophageal and the re- 
current larjmgeal nerves. Should this be true, the significance of the double innerv’^a- 
tion of this organ is evident. 

As pointed out before, the anatomical course of the pharyngo-esophageal nerv'-e, 
as determined by dissection and electric stimulation in the dog and cat, is variable. 
In general it is well in accord with what is described by Espezel and Kahn. Regard- 
ing its origin, we agree with Kahn, that is, it originates from the vagus in a common 
trunk with the superior phar3mgeal nerve and not from the superior cervical sym- 
pathetic ganglion as claimed by Espezel. However, its close relationship to this 
ganglion, as described before, is noticeable. . Probably the finding of stasis of food 
in the upper esophagus after extirpation of this ganglion in the dog, as reported by 
Kure and others (32, 33), could be explained on the basis of incidental resection of 
that portion of the nerve which is bound to the ganglion. 

The mechanism of the periodic spasmodic contraction of the esophagus during 
gasping in the dog certainly deserves further investigation. The efferent pathways 
are apparently the vagus ner\’’e for the thoracic portion and the pharyngo-esophageal 
for the cerxdcal. Since this spasmodic contraction occurs in the inspiratory phase 
and its strength is usually correlated vith the extent of the gasping, it seems rational 
to assume that the esophageal musculature, at least the thoracic portion, could be 
considered as one of the accessory respiratory muscles. 

Regarding the innervation of the human esophagus little more is known than 
tlie classical conception. Since there are wide variations among different mammals 
it is difficult to predict to which species the manner of irmervation of the human 
esophagus might correspond. No nerve corresponding to the pharjmgo-esophageal 
has been described in the human being, nor any esophageal branches from the superior 
laryngeal. However, clinical reports of ‘cardiospasm’ vdth paralysis of the lower 
two tliirds of the esophagus (40) and ‘dysphagia’ due to paralysis of the upper third 
of the esophagus (41) should call our attention to the possibility of separate innerva- 
tion of the different portions of the human esophagus. 

StJXniARY 

The innervation of the esophagus has been studied in the dog, cat, rabbit, 
monkey, guinea pig and rat. Tliere is no exception to the general conclusion that 
the cervfical portion of the esophagus receives double innervation from widely separate 
xu-gal branches. Species differences regarding the anatomical course and the extent 
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of distribution have been described and discrepancies of opinions among different 
authors according to the literature have been discussed. 

The main motor innervation of the cervical portion of the esophagus in the cat 
and dog is the pharyngo-esophageal nerve, which arises from the vagus above the 
ganglion of nodosum. Stimulation of this nerve in these animals causes strong 
tetanic contraction of the cervical portion of the esophagus. 

In chronic experiments in the dog and. cat, bilateral section of the vagus 
trunk alone resulted in paralysis of the whole esophagus except the cervical portion. 
After bilateral section of the pharyngo-esophageal nerve alone there was temporary 
paralysis of the entire cervical esophagus accompanied by symptoms of dysphagia. 
Apparent fimctional recovery was complete in three to five weeks. 

In acute experiments in the dog, that the pharyngo-esophageal nerve is the 
main efferent nerve to the cervical portion of the esophagus is further evidenced by 
the abolition of all of its activities after section of this nerve. The activities of this 
portion of the esophagus here include the peristaltic movements, the reflex tetanic 
contraction on stimulation of the central end of the vagus nerve, and the periodic 
spasm during gasping. 
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EFFECT OF SECRETIN AND PANCREOZYMIN ON AMYLASE 
AND ALKALINE PHOSPHATASE SECRETION 
BY THE PANCREAS IN DOGS 

■ - • C. C. WANG, M. I. GROSSMAN and A. C. IVY 

Frmn the Department of Clinical Science, University of Illinois College of Medicine 

CHICAGO, H-UNOIS 

T WO hormones extractable from the upper intestinal mucosa, secretin and 
pancreozymin, are concerned in the regulation of pancreatic secretion. 
This study was undertaken in order to obtain further information on the 
r 61 e of each of these hormones in the control of enzyme secretion by the pancreas. 

Previous work has shown that secretin acts as a stimulus mainly for water and 
bicarbonate secretion by the pancreas. Thus, the pancreatic juice secreted in 
response to it is relatively poor in enzymes when compared with either pancreoz3Tnin 
plus secretin stimulation or stimulation by parasympathomimetic drugs. By con- 
trast, pancreozymin (10-12) stimulates the secretion of enz3rmes (amylase, lipase and 
trypsinogen) Mthout influencing the rate of water secretion, that is without changing 
the volume of juice put out per minute. 

Ydiile it is apparent that secretin does not evoke a juice rich in enzymes, there are 
discrepancies in the literature concerning whether it has any stimulating action on 
enzyme secretion (1-9). Some of these discrepancies can probably be explained by 
the presence of varying amounts of pancreozymin in the secretin preparations that 
were tested. Therefore, the first question which we set out to answer was, does an 
increase in the amount of circulating secretin increase significantly the total out- 
put of amylase in the pancreatic juice per unit of time? 

Another question that it was considered desirable to investigate pertained to the 
secretion of alkaline phosphatase in the pancreatic juice of the dog (13,14). Histo- 
chemically phosphatase occurs only in the cells lining the ductules and is absent from 
the acinar cells (15-17). This is illustrated in figure i, a photomicrograph of a 
section of dog’s pancreas stained by the Gomori technique for alkaline phosphatase 
(15). The effect of secretin and pancreozymin on the secretion of alkaline p os 
phatase has not been studied previously. 


JEETHODS 


Acute experiments were carried out on dogs which were anest ^ rtinnaprl 
intravenous injection of pentobarbital (32 mg/kg. body ueigi . ^ 

anesthesia was maintained when necessary by additional 

The last feeding of the animals was 24 hours before the experimen . trachea 

inserted into tL left femoral vein for secretin infusion and also into the trachea. 
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To preclude stimulation of the pancreas by bile or acid in the duodenum, the common 
bile duct and the pylorus were occluded. Pancreatic juice was collected by a cannula 
inserted into the major pancreatic duct. 

Highly purified secretin dissolved in saline was continuously injected intra- 
venously by means of a perfusion pump into the left femoral vein of the animal. 
Three different secretin preparations were used. All were devoid of vasodepressor 
substances. Secretin A was about twenty times as potent as SI (ii); secretm B, 
twelve times; and secretin C, eight times! The pancreozj^min used in the present 
work was prepared by the aniline precipitation procedure (ii) and also showed no 
vasodepressor effect. 



Fig. 1. PlIOTOXnCROGRAPH or dog’s PAN- 
CREAS stained for alkaline phosphatase by 
the method of Gomori. Only the ductule 
cells stain positively. 


The first injection rate was adjusted 
so as to maintain a rate of flow of juice of 
about 1.5 to 3.0 cc. in 15 to 30 minutes. 
Increase of flow was brought about by in- 
creasing the rate of injection of secretin. 
In order to clear out the initial concen- 
trated juice accumulated in the pancre- 
atic duct system, in the cannula and in 
the connecting tube and, also, owing to 
the fact that animals were usually more 
sensitive to the secretin stimulation in the 
beginning, the juice collected during the 
first hour of response to secretin was dis- 
carded. Pancreozymin was injected in a 
single dose of 20 mg. of the preparation 
employed during the response to a con- 
stant dose of secretin. The pancreatic 
juice was collected in 15 to 30 minute por- 
tions, in graduated centrifuge tubes on ice, 
and was stored in the freezing unit of the 
refrigerator overnight. At least three or 
four samples were collected at each secre- 
tory rate level. All samples were assayed 
for amylase and alkaline phosphatase con- 


tent. 

' The amylase content of successive samples of juice was measured by the modified 
Willstatter method described in detail by Schmidt, Greengard and (18). The 
amylolytic activity unit was expressed in mg. of maltose per cc. of juice as derived 
from the thiosulphate titration. From the amylase content of the various samples, 
the minute output of this enzyme was calculated by multiplying the concentration in 
mg/ cc. by the volume of the sample in cc. divided by the duration of the collection in 
minutes. 


^ These secretin preparations were kindly supplied by Dr. E, D. Campbell of the Lilb' Research 
Laboratories, Indianapolis, Ind. 
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According to the generally accepted conception that the three principal enz3rmes 
of the pancreatic juice, namely the amylase, trypsinogen and lipase, are parallel in 
their concentration (9, 10, ii, 20, 21), reliance has been placed on the estimation of 
amylase as an index of the concentration changes of the three principal enzymes of 
the juice under the experimental conditions. The method for amylase determination 
was simpler and gave much greater sensitivity than could be obtained for the other 
two enzymes. 

The content of alkaline phosphatase of the juice was estimated essentially by the method de- 
scribed by Shinowara, Jones and Reinhart (19). The final pK of the reaction mixture of substrate 
and pancreatic juice is 9.3 ± 0.15 at 37° C. The metlrod for the estimation of the ‘initial’ inorganic 
phosphate of juice and of the ‘total’ inorganic phosphate of juice after incubation was devised by Dr. 
J. Canepa of this laboratory after Holman’s method for inorganic phosphate. The latter method is 
outlined briefly as follows; To 1 cc. of ‘total’ phosphate protein-free fluid, in a 15 cc. graduated 
conical centrifuge tube, water is added to make the total volume 5 cc. At the same time a 'blank’ 
is prepared by using 1 cc. of ‘blank fluid’ instead of ‘total’ phosphate protein-free fluid. ‘Blank fluid’ 
is prepared similarly to the ‘total’ phosphate protein-free fluid by using water instead of pancreatic 
juice before incubation. To all the tubes add in succession i cc. of 10 N H^SOj, i cc. of 2.5 per cent 
ammonium mob^bdate and i cc. of 20 per cent KI (containing 0.5 per cent NajCOs). Mix by tapping 
after each addition. Put into a boiling water-bath for exactly 15 minutes. Cool. Next add 0.4 cc. 
of 0.25 per cent anhydrous sodium sulphite. Bring the final volume to 10 cc. or 15 cc. depending 
upon the depth of the color. 

The density of the color developed by the reduction of phosphomolybdic acid is read on a 
Coleman spectrophotometer at 670 m^. From the readings, the amount of ‘total’ phosphate can be 
estimated by reference to a calibration curve constructed by using solutions containing known 
amounts of phosphate. The ‘initial’ inorganic phosphate of pancreatic juice is determined in the 
same way by using an ‘initial’ protein-free fluid instead of ‘total’ phosphate protein-free fluid. A 
‘blank’ is prepared similarly to the preparation of ‘initial’ protein-free fluid by using water instead of 
pancreatic juice. 

The ‘total’ inorganic phosphate in mg. of P per 100 cc. of juice after incubation minus the 
‘initial’ inorganic phosphate in mg. of P per 100 cc. of juice without incubation equals the lil)erated 
inorganic phosphate. The alkaline phosphatase activity unit is therefore expressed in mg. of phos- 
phorus per 100 cc. of pancreatic juice liberated from the incubation. 

From the alkaline phosphatase contents of the various samples, the minute 
output of this enzyme was calculated by multipljdng the concentration by the volume 
of the sample in cc. divided first b}'- 100 and again by the time of collection of the 
sample in minutes. 


RESULTS 

In order first to show the effect of constant administration of secretin on the 
amjdase and alkaline phosphatase content of the pancreatic juice over an experi- 
mental period, control experiments were carried out (table i). The volume, am3'lasc 
concentration and alkaline phosphatase concentration of tlie pancreatic juice, during 
constant administration of secretin over a period of tiiree hours, is shown in the 
e.xpcriment depicted in figure 2. This experiment, begun after an hour s previous 
secretin stimulation, clearly’’ demonstrates the general tendcncy^ of changes of the 
juice. 

The volume usualh’ showed a gradual increase and finally a plateau was reached. 
Tlic amylase content showed little fluctuations, but generally there was a tendency to 
decline slowly toward the last phase of the experiment. A clear fall of the con- 
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centration, however, was observed in the case of alkaline phosphatase. Calculations 
(table i) show that the minute output of amylase remained essentially unchanged 
while that of the alkaline phosphatase shows a slowly diminishing rate. 

As regards the sensitivity of different animals to the effect of secretin, consider- 
able variation was observed. This sensitivity can be judged from the rate of spon- 
taneous flow of juice before the application of secretin stimulation and also from the 


Table i. Fluctuations in volume and in concentration and minute output of alkaline 

PHOSPHATASE AND AMYLASE OF PANCREATIC JUICE DURING CONSTANT 
SECRETIN ADMINISTRATION (2 DOGs) 








PORTION NUMBER 






DOG NO, 















1 

2 

3 

4 

s 

6 

7 

8 

9 

10 

11 

12 

i 

Volume (cc.) 

2 

3.2 

3.1 

3.3 

3.6 j 

3 -S 

4.1 

4.0 

3-7 

3-9 

m 

3-9 

4.0 


s 

2.8 

3.2 

2.9 

4.0 

4 -S 

1 

4-7 

4.1 

4 -S 

S-o 

^^9 

S-o 


Amylase cone. 

2 

652 

IH 

360 

400 

0 

340 

■ 320 


3 S 9 

1 

1 292 

274 

29s 


8 

473 

19 

414 

391 

mm 

410 

476 

n 

341 

346 

330 


Amylase min. output 

2 

104. 1 

63-9 

59-4 

76. s 

63.0 

69.7 

64.0 

57-4 

70.1 

58.4 

52-2 

59-0 


8 

88.0 

94.0 

80.0 

104.0 

114.0 

128.5 

130.0 

93-3 

II4.O 

115.0 

IIO.O 


Aik. phosphatase cone. 

2 

: 3.00 

3.40 

3*00 


2.40 

2.00 

2.40 

2.00 

1 

1.60 

1.80 

1 

1.20 

x.oo 


8 

2.10 

1.45 

1.40 

m 

1.40 

0.9s 

0.7s 

0.80 

0.70 

0.8s 

0.6s 


Aik. phosphatase min. 

2 

0.0048 

1 1 
0,0053 0.0050 

0.0031^ 

1 1 

0.0042 0.0041 0.0048 

0.0037 

0.0031 

0.0036 

0 

8 

0 

8 

0 

output 

8 

0.0034 0.0031^0.0026^ 

0.0040 0.0042 0.0030 0.0021 0.0024 0.0023 0.0028 0.0022 

1 > 1 1 > 1 1 



Dog 2, 9 kg. Secretin B: 3.4 nig/20 min.; samples collected in 20-min. portions. 
Dag 8, 10 kg. Secretin A: 1.2 mg/is min.; samples collected in is-min. portions. 



Fig. 2. Dog 8 , 10 kg. Fluctua- 
tions in volume and in concentration 
of amylase and alkaline phosphatase 
of pancreatic juice during constant 
secretin administration 


initial response of the gland to the first rate of secretin administration. Moreover, 
the sensitivity of the same animal to the effect of secretin is by no means constant. 
Generally speaking, they are more sensitive in the initial phase of secretin stimula- 
tion, then gradually become stabilized and maintain the condition for three or four 
hours or sometimes longer. It was for this reason that a previous secretin stimula- 
tion, of approximately one hour before the collection of samples, was necessary. 
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However, a phenomenon of exhaustion might be obsen»-ed after an especially pro- 
longed maximal stimulation over a period of one to two hours. In both the experi- 
ments shown in table 1, a moderate intensity of secretin stimulation was maintained 
throughout the whole period of over three hours. It was in this period that the most 
stable results were obtained. 

The question as to whether or not secretin itself has any stimulatmg effect on the 
enzyme production of the pancreas has been answered in the results obtained from 
seven experiments. The volume, enzyme concentration and enzyme minute output 
of the pancreatic juice obtained before and after the increase of secretin stimulus are 
shown in table 2. Essentially similar results are obtained in different animals either 
with the secretin A or the secretin B. Figure 3 drawn from the observations on dog 
12 serves as a typical illustration. Portions i to 4 (inclusive) were taken as controls 
during a constant rate of perfusion of secretin. The variation in the volume of juice 
was small. The amylase concentration and minute output also showed only small 
fluctuations. Durmg the period represented by portions 5 to 7, the secretin stimulus 
was quadrupled, and the result was a sharp rise in volume soon reaching a plateau; 
concomitantly a great fall in amylase concentration occurred. The minute output of 
the enzyme, however, remained essentially unchanged. Although portion 5 did 
show an 8 per cent increase as compared with the previous one (portion 4), it could 
hardly be attributed to an increase of enzyme secretion under stimulation by secretin 
since as much as 38 per cent fluctuation of enzyme output occurred among the control 
portions i to 4. Moreover, this rather insignificant increase of the enzyme output 
might be attributed to a 'washing out’ from the gland of the enzyme which was 
presumably accumulated in the glandular passages of acini which were inactive 
before the increase of secretin stimulation took effect, the process therefore being a 
passive one. This ‘washing out’ assumption is strongly supported by the evidence 
that the amount of the enzyme discharged in the portions 6 and 7, though still under 
an increased rate of secretin injection, did not show a continued increase following the 
immediate increase in portion 5. 

In the experiment as represented in figure 3, the initial level of secretin injection 
rate (portions 1-4) was very low and the secretin stimulation was presumably not 
much above threshold, whereas in the second phase represented in portions S to 7 
the secretin stimulus was definitely maximal. The fact that secretin has no stimulat- 
ing effect on enzyme production of the pancreas is quite evident. Nor could this be 
attributed to e.xhaustion of the gland, since in some experiments, pancreozymin 
injected at the last phase of maximal secretin stimulation has never failed to cause an 
abundant increase in amylase concentration in the juice. 

In order to demonstrate the effect of secretin on the alkaline phosphafiise con- 
centration and its minute output in the dog’s pancreatic juice the same procedure 
has been used as with amylase. The volume, alkaline phosphatase content and 
minute output of tlie juice obtained before and after the increase of secretin stimulus 
in five e.xperiments are shonm in table 3. The observation from dog j is illustrated 
in figure 4. Portions i to 4 (inclusive) w’crc collected under constant secretin stimula- 
tion (3.4 mg/ 20 min.). For portions 5 and 6 the secretin stimulus was almost doubled 
and this resulted in a sharp rise in volume and a sharp fall in alkaline phosjihatasc 
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concentration. A more striking effect was observed by further increase of secretin 
injection in portions 7 and 8 (8 mg/20 min.). As can be seen from figure 4, the 
minute output of alkaline phosphatase showed a fall. This continued fall in alkaline 


Table 2. Effect of secretin on concentration and iiiNOTE output of amylase (7 dogs) 



Dog 3, 9.7 kg. Secretin B: 3.4 ing/20 min. during portions 1-4; 6 mg/20 min. during portions 5 <fe 6; 

8 mg/ 20 min. during portions 7 & 8; samples collected in 20-min. portions. 

Dog 4, II kg. Secretin B: 6 mg/30 min. during portions 2-4; 12 mg/30 min. during portions 5-7; 

15.2 mg/30 min. during portions 8 & 9; samples in 30-min. portions. 

Dog S, 10 kg. Secretin A : 1.2 mg/15 min. during portions 1-4; 4.5 mg/15 min. during portions 5-7; 
samples in 15-min. portions. 

Dog 10, 15.5 kg. Secretin A: 0.65 mg/15 min. during portions 1-4; 2.7 mg/15 min. during portions 
5-7; samples in 15-min. portions. 

Dog II, 14.2 kg. Secretin A: i.i mg/25 min. during portions 1-4; 4.5 mg/25 min. during portions 
5-7; Samples in 25-min. portions. 

Dog 12, 8 kg. Secretin A: 0.33 mg/20 min. during portions 1-4; 1.47 mg/20 min. during portions 
5-7; samples in 20-min. portions. 

Dog 13, 9.5 kg. Secretin A : 0.313 mg/15 mm- during portions 2-4; 1.38 mg/ 15 min. during portions 
5-7; samples in is-min. portions. 

* Second increase of the rate of secretin injection (see above). 


phosphatase output is characteristic of such secretiu injection experiments, both 
those in which a constant lower rate of injection is used throughout the whole experi- 
ment (table i) as well as those in which variations in the rate of the secretin adminis- 
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Fig. 3. Dog 12, 8.0 kg. Effect of 
secretin on concentration and minute 
output of amylase. Increase of the 
rate of secretin injection started after 
collecting portion 4. 



20 MINUTE PORTIONS 


Table 3. Effect of secretin on concentration and minute output of alkaline 

PHOSPHATASE (5 DOGs) 



DOG KO. 

POKTIOK KUUBEE 

1 

s 

3 

4 


s 

6 

7 

1 

9 

Volume (cc.) 

3 

2.8 

3-7 

4.2 

4-5 


7.4 

8.2 

9.2* 

m 



4 


2.1 

3-0 

4.3 


6.8 

6-5 

6.8 


7 -S* 


8a 


.2.4 

2.4 

2.6 

0 

3-6 

3-6 

4.0 


3-6 


8 

4.5 

5-0 

5-0 

' 5-0 

rt 

P 5 

6.9 

6-5 

6.9 

m 



10 

2.6 

3 o 

4.0 

4.1 

c 

'S 

12.9 

14.8 

14.0 

■1 


.•\lkalinc phos- 

3 

7.90 

5-50 

4.40 

4-70 

u 

2.23 

I .40 

1.30' 

0.85* 


phatase con- 

4 


6.20 

2. go 

2.40 


2.50 

2.20 

X.60 

1.20* 

1*40* 

centration 

8a 


0.52 

I-I 5 

0.89 

V.* 

0 

0.75 

0.37 

0.37 

0.52 



8 

0.80 

0.70 

0.85 

0.65 

U 0 

U 

0.45 

0,40 

0.3s 


WM 


10 

18.25 jI2.IO 

9-63 

7-95 

CO 

0 

4.24 

3.20 

3-55 


■ 

Alkaline phos- 

3 

0.01 II.O . 0102 

0.0092 

O.OIOI 

a 

tf) 

rt 

0.0083 

0-0057! 

0.0061* 

0.0042* 


• ph.'ilii.se min. 

4 

.0.0043 0.0029 0.0034! 

U 

0.005610.00500.0036 j 

0.0028* 

0.003s* 

output 

Sa 


0.0012, 

0,0028^0.0023! 


0.0027 o.oor3'o. 0015 

0-0021 

O.OOII 


8 

0.0024 0.0023 

0.002S 0.00221 


0.0021 0.0017 ( 

3.oot6 




10 

0.03160.0:82 

0.0264 0.02l7j 


0.03600.0315/ 

3.0330 




DOf_ Sa, 9 kg. Secretin C: 2.3S mg/ lo min. during portions 2-4; 4.75 mg/xo min. during portion.^ 5-9; 

samples in lo-min, portions. 

For dpg j, 4, S & rn, set- the rcmark.s in tabic 2. 

* Second increase of the rate of secretin injection fsee above). 
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tration occur (fig. 4). The fact that secretin does not seem to stimulate the produc- 
tion of alkaline phosphatase in the pancreas was clearly shown. This continued 
reduction of alkaline phosphatase output following the prolonged administration of 
secretin might be explained by assuming that the output was not balanced by 
synthesis. 

The results of the experiments with pancreozymin are shown in table 4. Ali 
the four experiments were carried out under constant stimulation with secretin. 
Figure 5 plotted from the results observed on dog 6 shows the typical changes. As 
can be seen from the first phase of figure 5 (portions 1-4), both the volume and the 
amylase concentration showed a constant level. The concentration of alkaline 
phosphatase, however, fluctuated a little and showed the usual fall. Pancreozymin 
was injected in a single dose of 20 mg. in the beginning of the second phase (portions 



Fig. 4. Dog 3, 9.7 kg. Effect of 
secretin on concentration and minute 
output of alkaline phosphatase. First 
increase of the. rate of secretin injec- 
tion started after collecting portion 4. 
Second increase started after portion 
6 . 


5-8) after collecting portion 4 and again injected in a single dose of 14 mg. in the 
third phase (portions 9-12) after collecting portion 8. There resulted a three-fold 
increase of amylase concentration in portion 5 and a more than two-fold increase in 
portion 9. The concentration of alkaline phosphatase showed a slight decrease. 
This preparation of pancreozymin did have a slight secretin activity as shown in the 
rate of flow of juice at portions 5 and 9 in figure 5. However, this slight secretin 
activity had no confusing effect in these experiments, since the fact that secretin 
itself has no effect on either amylase or alkaline phosphatase concentration has been 
repeatedly shown in the experiments already presented. 

As can be seen from table 4, the minute output of alkaline phosphatase showed a 
slowly diminishing fall comparable to that of table i, in which pancreozymin was not 
injected. Apparently, pancreozymin has no effect whatever on alkaline phosphatase 
secretion by the pancreas. 
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Tabie 4. — ^Effect of paxcreozymin on amyiase and alkaline phosphatase (4 dogs) 



DOG 

PORTION KUilBER 


















D 

2 

3 

4. 

' 

s 

6 

7 

8 

9 

10 

n 

12 

Volume (cc.) 

6 

■ 

3.9 


3-9 


3-3 

3-2 

2.6 

2.81 

3-3 

2.3 

m 

3.6 


7 

H 

6.6 


7.0 


9-3 

7.3 

6.81 

8.7 

7.0 

6.2 

■1 



8 


4.0 


3.6 


3-1 

2-4 

2.4 




■ 



9 

m 

4.0 


3.3 


4-3 

3-9 

3-0 

3.4 

3-0 




Amylase cone. 

6 

277.S 

2S5.3 

291.9 

282.3 



2SO.6 

301.3 

442.61 

74S.6 


S 

290.0 


7 


S90.2 

8S3.S 

876.1 

's 

1163.4 

866.6 

S60.0I 

1107 .0 

963.6 

902.4 




S 

152.0 

163.0 

167.0 

148.0 


833-0 

319.0 

226.0 




■ 



9 



790.0 

790.0 

0 

0 

2258.0 

900.0 

730.0 

630.0 

790.0 

■ 

■ 


Amylase min. 

6 

IZl.I 

III. 2 

116.8 

110.2 

G 

fS 

p't 

466.6 

89. 8 

7S.3 

113.9' 

262.0 

114.3 

114.6 

104.4 

output 

7 


587.3 

643.0 

613.3 


loSi.o 

632.0 

584.8! 

963.1 

675.9 

339-3 




S 

70.0 

65.2 

60.0 

33-3 

B 

264.4 

■76. S 

34-2 







9 



316.0 

2/6.5 

C€ 

1016.4 

331.0 

225.0 

221.0 

237.0 



• 

Alkaline phos- 

6 

1.46 

1.7S 

1.47 

1.15 

G 

0.81 

1.23 

1.67 

1.671 

1.20 

1.67 

0.83 

0.94 

pkatase cone. 

7 


3.78 

3.36 

3.47 

0 

a 

2.31 

3-15 

3. 361 

2.94 

3.03 

3-37 




8 

0.3s 

0.50 

0.3s 

0.35 

G 

0-33 

0.30 

0.43 







9 


1.90 

1-33 

1-33 


1-33 

1-30 

1-93 

1.30 

l.p 




Alkaline phos- 

6 

0.0038 0.0069 0.0039 

0.004s 


0.0043 

0.0040 

0.0033 

0.00471 

, ( J J 

0.0^2 0.0038 0.0020 

S.0034 

phatase min. 

7 


0.0249 0.0243 0.0243 


0.0215 

0.0230 

0.02281 

0.0236 

0.0214 0.0221 



output 

8 

0,0016 0.0030 0.0013 0.0013 


O.OOII 

0.0007 

O.OOII 







9 


0.0076 0.0062 O.OOS3 
. 1 . 


0.0061 

0.0059 

0.0059 

0.0044 jo. 0639 





* Dog 6 ft 7 received second doses of 14 to so mg. pancreozymin, respectively, after this sample. 
Deg 6 , II kg. Secretin C: s mg/io min. Dog 8 , 10 kg. Secretin A: 3 mg/io min. 

Oog 7, 13 kg. Secretin C: 6.73 mg/io min. Dog p, 9 kg. Secretin A: 045 mg/10 min. 



u> 

O' 3 

g O 

r w 

B. >- 

5I 

< X 

0.007 


0.005 

0.003 


aool 


Fig. 5. Dog 6, II kg. ESect 
of pancreoz>'min on amylase and 
alkaline phosphatase. Twenty 
mg. of pancreozymin was injected 
after portion 4 and 14 mg. after 
portion 8. 


DISCUSSION 

It is well known that much of tlic earlier work on the action of secretin suffered 
from the use of relatively crude preparations containing cither histaminc-Iikc sub- 
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stances or other vasodepressors which in themselves affect the pancreatic secretion. 
Of greater importance to this kind of study was the fact that many of these earlier 
secretin preparations contained varying amounts of pancreoz3Tnin. Barrington’s (9) 
finding that his secretin preparations stimulated enzyme secretion can be explained 
by the fact that he used SI, a secretion preparation which is known to contain pan- 
creozymin. Care was therefore taken to use in the present work highly purified 
secretin preparations in which the content of pancreozymin can be considered to be 
minimal or absent and which were shown to be free of vasodepressor action. 

In the study of the effect of secretin on the enzyme production of the pancreas, 
the ‘continuous’ secretin injection provides an ideal method of approach because a 
continuous uniform secretion would serve to distinguish a ‘washing out’ process from 
a real production of enemies. The results observ'^ed clearly indicate that the increase 
of secretin administration did not bring about a continuous increase in enzyme output. 
Here, the effect of histamine on the pepsin response of gastric secretion (22) is in 
contrast. The minute output of pepsin in response to large doses of histamine was at 
all times significantly larger (although the concentration of pepsin fell) than that in 
response to small doses and the effect of the higher dose of histamine, in increasing 
pepsin output, tended to continue after resumption of a lower dose of histamine. It 
seems to be conclusive from our results that secretin has no stimulating effect on 
amylase production by the pancreas. 

These results suggest that there is a constant basal rate of secretion of amylase 
(and probably of the other pancreatic enzymes). "Wdien little or no water and 
bicarbonate are being secreted this amylase accumulates within the gland tubules, 
to be ‘washed out’ in the first portion of juice secreted after a period of quiescence. 
When secretin is the sole stimulus acting upon the pancreas, this basal rate of enzyme 
secretion continues unchanged and the concentration of amylase in the juice depends 
simply on the amount of water which the secretin causes the gland to secrete and thus 
to be available for dissolving the fixed amount of amylase. 

We have previously sho-wn that with the degeneration of the ductule cells that 
occurs in association with prolonged alloxan diabetes, a diminution in the volume of 
juice secreted in response to secretin occurs (24). This finding suggested that these 
ductule cells might be the site where secretin acts to stimulate secretion of water and 
bicarbonate. The present studies neither support nor disprove this possibihty. 
They do show that at least one element of pancreatic juice, namely alkaline phos- 
phatase, probably is secreted by the ductule cells. 

It was shown in this work that both secretin and pancreozymin have no effect on 
alkaline phosphatase production in the pancreas. This observation suggests that the 
source of enz3une production is probably not the same for phosphatase as for the other 
three major enzymes. This supports Jacoby’s proposal (16) that the ductule cells are 
responsible for the production of the phosphatase, whereas the acinar cells secrete 
the other three enzymes, namely the amylase, trypsinogen and lipase, since the 
alkaline phosphatase reaction is always positive in the ductule cells of the dog’s 
pancreas, and negative in the glandular cells. 

In the case of tlie secretion of alkaline phosphatase by the liver into the bile, there 
are two theories concerning the origin of the enzyme (23). One theory holds that 
the alkahne phosphatase of the blood serum is excreted into the bile; the other states 
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that the alkaline phosphatase which appears in the bile is formed by the liver cells. 
No decision can be made as to which of these mechanisms applies to the secretion of 
alkaline phosphatase by the pancreas. 


SIJMJIARy 

The effect of secretin and pancreozymin on amylase and alkaline phosphatase 
secretion by the dog’s pancreas has been observed by using highly purified secretin 
and pancreozymin. A ‘continuous’ secretin injection method was used. The 
results indicate that an increase of secretin administration causes an increase in the 
volume of juice but does not bring about an increase in the output of the enzyme per 
minute. Secretin, therefore, has no stimulating effect on enzyme production of the 
pancreas, neither amylase nor alkaline phosphatase. Pancreozymin stimulates the 
amylase output of the pancreas, but not alkaline phosphatase. 

The observations indicate that the source of enzyme secretion is probably not 
the same for phosphatase as for the other three major enzymes. The proposal 
suggested by Jacoby (16) that the ductule cells are responsible for the production of 
the phosphatase and the acinar cells for the other three enzymes has thus been 
supported. 
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DERIVATION OF LEADS I AND III IN THE DOG FROM AN 
ANALYSIS OF SIMULTANEOUSLY RECORDED 
LEADS TO, VL, AND VF^ 

L. H. NAHUM, H. M. CHERNOFF= and W. KAUFMAN 
From the Laboratory of Physiology, Yah University School of Medicine 

NEW HAVEN, CONNECTICUT 

B eam deflections in tlie standard limb leads land III result when potential dif- 
ferences exist between the two extremity electrodes employed in recording 
each of these leads. By convention, upward movement of the beam in lead I 
occurs when tlie potential at tlie right forelimb is negative relative to that at the left 
forelimb, while movement of the beam doAvnward occurs when the potential at the 
right forelimb is positive relative to that at the left. Similarly, in lead III upward 
movement of the beam occurs when the left forelimb is negative relative to the left 
hindlimb, while downward movement occurs when the potential at the left forelimb is 
positive relative to that at the left hindlimb. As Goldberger has pointed out, stand- 
ard limb leads record only differences in potential between two given extremities and, 
therefore, on theoretical grounds, an upward movement of the beam will result when 
any one of five different combinations of potentials exists at a given moment at these 
extremities (i). Similarly, downward movement of the beam will occur when any 
one of five different combinations of potentials exists at the two extremities. VTien 
the beam remains at the isoelectric line in a standard limb lead during the depolariza- 
tion process in a portion of the ventricle, the potentials developed at each of the 
two extremities must be of the same electrical sign and of equal magnitude. This 
will occur when any one of the following three possibilities exists: a) negative po- 
tentials of equal magnitude at both extremities; b) positive potentials of equal 
magnitude at both extremities; c) zero potential at both extremities. 
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Hoff, Nahum and Kaufman (2-5) have previously demonstrated that upward movements of 
the beam in lead I in the dog resulted mainlj"- from depolarization of the posterior right ventricle, 
while downward movements resulted from depolarization of the anterior left ventricle. Depolariza- 
tion of the remaining regions of the ventricles was found not to cause deflections of the beam in lead 
I. Similarly, upward movements of the beam in lead HI were attributed to depolarization of the 
anterior right ventricle, while downward movements took place when the posterior left ventricle 
was depolarized. Depolarization occurring in the rest of the ventricles produced minimal or no 
effect upon beam movement in lead III. The entire ventricular complex in botli leads I and III 
was considered bj' these investigators to result from the interaction of oppositely directed electrical 
forces derived from the depolarization of specific regions of the right and left ventricles, and that 
these regions included the entire thickness of the myocardium in either ventricle (6-8). This ex- 
planation of the genesis of the QRS complex in leads I and HI, based upon e.xperimental observations, 
differs from the conclusions reached by Gardberg and Ashman (9) who attempted to visualize the 
ventricular complex in terms of the advance and retreat of anatomically localized dipoles. They 
concluded that potentials resulting from excitation of the right ventricle are not recognizable as such 
in the electrocardiogram, except perhaps at the very onset or at the termination of ventricular ex- 
citation when the unopposed vectors resulting from the spread of the excitatory process initially 
through the septum from left to right and terminally in the pulmonary conus dominate and are tlius 
responsible for the inscription of a Q-wave and S-wave, respectively. According to their analysis, 
it is the spread of excitation through the left ventricle’from endocardium to epicardium which prima- 
rily accounts for both upstroke and downstroke in the ventricular complex in leads I and IH. The 
experiments to be described below offer no support for the theoretical explanation given by Gardberg 
and Ashman for the genesis of the QRS complex in the standard limb leads, and confirm and extend 
the views first expressed by Hoff, Nahum and Kaufman. 

Since any given beam movement recorded in the standard limb leads may result from any one 
of five different combinations of potentials e.xisting at the two extremities employed in recording the 
lead, a more exact analysis of the derivation of leads I and IH requires knowledge of the origin and 
nature of the instantaneous potentials developed independently at each limb throughout the cardiac 
cycle. This knowledge is now available from recent experimental studies in the dog on the nature 
of the ‘unipolar’ extremity leads VR, VL and VF (10-12). In those studies it was found that the 
ventricular complex in each ‘unipolar’ extremity lead represented the algebraic summation of op- 
positely directed potentials derived from the depolarization of specific proximal and distal ventricular 
zones. The spatial distribution of these ventricular zones was found to differ for each ‘unipolar’ 
extremity lead. Figure i shows a schematic representation of the heart surface as it was e.xperi- 
mcntally found to be divided into proximal, intermediate, and distal zones for each of the tliree 
‘unipolar’ extremity leads. It can be seen that any segment of the heart which lies in the proximal 
zone of one extremity lead is also situated in the proximal, intermediate or distal zones of tire other 
two extremity leads. It is possible to localize the site of preponderant depolarization during any 
given time interval to the proximal, intermediate or distal zone of a given ‘unipolar’ extremitj' lead 
from the fiirection of beam movement in that lead during that interval. Downward movement of 
the beam localizes the process to the proximal zone of tlie lead while upward movement of the beam 
localizes it to tlic distal zone. An isoelectric beam indicates cither depolarization in the intermediate 
zone of the lead or equal degree of depolarization in both proximal and distal zones. 

In any given ‘unijjolar’ extremity lead, however, the proximal and distal zones are each rela- 
tively large and more specific localization within a given zone becomes possible only from study of 
the direction of beam movement in each of several ‘unipolar’ leads recorded simultaneously. For 
e.xamplc, if during the same time interval the beam is moving downward in each of two leads, the 
depolarization process is more specifically localized to that region of the heart which lies in the proxi^ 
mal zone of both leads (all segments labelled PP in fig. i). On the other hand, if the beam moves 
<lownward in one lead, but upward in the second lead, the site of preponderant depolarization is 
localized to that region of the heart which lies in the proximal zone of the first lead, but in the distal 
zone of the second (ail segments labelled PD in fig. i). By study of the three ‘unipolar’ extremity 
leads, VL, and VF, recorded simultaneously, even more disxrcte localization becomes possible. 

For c.xample, if during the same lime interval the electrocardiographic beam is moving downward 
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in both VR and VL, but upward in VF, tlie depolarization process is localized to that segment of 
the heart which is labelled PPD in figure i. Converselj’^, if the beam is moving upward in both VR 
and but downward in VF, the process is localized to that segment of the heart labelled DDP in 
figure I. By similar analysis, any combination of beam movements in VR, VL, and VF during any 
small time interval will localize tlie site of preponderant depolarization during that interval to one 
or another of the various segments depicted in figure i. 

It should be remembered tliat each ‘unipolar’ extremity lead records the instantaneous differ- 
ences in potential which exist throughout the cardiac c3'cle between the exploring electrode and the 
central terminal electrode. Leads taken in such a manner maj’^ not l)e trul}’’ unipolar if the central 
terminal electrode is not at zero potential at all times during the cardiac C3'cle. However, if the 
potential of the central terminal electrode, whatever it ma3' be, is considered at any moment during 
the cardiac C3'cle to be the same in each lead when these leads are recorded simultanoeusly, lead I 
ma3' be derived from tlie equation lead I = lead — lead VR, and lead III may be derived from 
the equation lead HI = lead W — lead \T-. 

B3' definition; 

1) Lead I = potential at left arm (LA) — potential at right arm (RA) 

2) Lead III = “ “ left leg (LL) - “ “ left arm (LA) 

3) Lead VR = “ “ right arm (RA) — “ “ central terminal 

4) Lead VL = “ “ left arm (LA) - 

5) Lead VF = " “ left leg (LL) - “ “ 

Equations i and 2 may tlierefore be rewritten as follows: 

Lead I = (Lead VL + potential C.T.) — (Lead VR -f- potential C.T.) 

Lead III = (Lead VF -|- potential C.T.) — (Lead VL -b potential C.T.) 

If the contribution of the central terminal to the potential differences recorded in each of the three 
‘unipolar’ extremity leads is considered to be the same at an3'’ given moment w’hen tliese leads are 
recorded simultaneously, it follows that Lead I == Lead VL — Lead VR and that Lead III = Lead 
VF - Lead VL. 

Thus, knowing the nature of leads VR, ATI., and VF, these equations should per- 
mit one to learn the reasons why normal and/or injury potentials from certain specific 
regions of the heart are maximally recorded in one or another of the standard limb 
leads I and III, while similar potentials from other specific regions are minimally or 
not at all recorded in one or another of these leads. Lead II is not analyzed in this 
study because by definition lead II = lead I lead III. 

The experimental methods employed in the following studies have been described 
in detail in previous communications concerning the nature of “unipolar” extremity 
leads (10, II, 12). 

DERIVATION OE LEAD I EROM ANALYSIS OE SEMULTANEOUSLY RECORDED LEADS VR 

.-VND VL 

A. Regions of the Heart in Which Depolarization Results in Maximal Deflections of the 

Beam in Lead I 

Exploration of the ventricular surfaces of tlie heart by various techniques reveals 
that the greatest upward deflections of the beam in lead I occur when tlie mid-third 
of the posterior right ventricle is depolarized (segment i, fig. 2A), while the greatest 
dowmward deflections in this lead result from depolarization of the mid-third of the 
anterior left ventricle (segment 6, fig. 2A). The explanation for these observed 
findings becomes apparent from a study of the changes that occur in leads VR and VL 
during the depolarization and repolarization of these heart segments. 
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I. Depolarization initiated in the mid-third of the posterior right ventricle by 
epicardial stimulation results in oppositely directed initial deflections in the extra- 
systoles recorded in VR and \TL., indicating that the initial potentials developed at 
each of the forelimbs are of opposite electrical sign, the right forelimb being initially 
negative relative to the left. Lead I, therefore, exhibits an initial large upward 
deflection in the extrasystole (fig. 3 A). Conversely, stimulation of the mid-third 
of the anterior left ventricle results in initial upward movement of the beam in VR, 
but in initial dovmward movement in VL, indicating that the right forelimb is 

BASE 



APEX 

Fig. I. Schematic drawing of ventricular surface of dog heart showing overlapping of 
the proximal, intermediate and distal zones of leads VR, and VF (composite picture of findings 
in 40 dogs). PS, posterior septum; RPV, right posterior ventricle; RAV, right anterior ventricle; 
.45, anterior septum; LAV, left anterior ventricle; LPV, left posterior ventricle; P, proximal zone; 
7, intermediate zone; D, distal zone. The various areas diagrammed are labelled according to their 
zonal representation in leads VR, VL, and VF. The first of the three letters which label each of the 
areas represents the zone of lead VR, the second letter the zone of lead VL, and the third letter the 
zone of lead VF (e.g., area labelled PPD indicates that this portion of the heart lies in the proximal 
zone of leads VR and VL, but in the distal zone of lead VF). 

initially positive relative to the left forelimb. Lead I, therefore, exhibits an initial 
large downward deflection (fig. 3B). 

2. M/5 KCl solution applied to the surface of the mid-third of the posterior 
right ventricle produces ST-segment elevation in VR and ST-segment depression in 
VL, indicating that injury to this segment of the heart results in the development 
during diastole of potentials at the right forelimb which are negative with respect to 
those developed at the left forelimb (13). Lead I reflects this relationship by upward 
displacement of the diastolic baseline, and therefore exhibits depression of the ST- 
segment (fig. 4A). \\’hen M/5 KCl solution is applied to the surface of the mid- 
third of the anterior left ventricle, VR c.xhibits ST-segment depression while VL 
exhibits ST-segment elevation, indicating that injurj' to this region results in the 
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development during diastole of potentials at the right forelimb which are positive 
relative to those developed at the left forelimb. In lead I, therefore, dowmward 
displacement of the diastolic baseline occurs and an ST-segment elevation is recorded 
(fig- SA). 


A-LEAD I B-LEAD m 




SURFACE 

Fig. 2. Drawing of anterior and posterior heart surface in the dog showing the electri- 
cally active and neutral regions for leads I and III. The lined areas represent the electrically active 
regions for leads I and III. The arrows point in the direction of beam movement in these leads when 
these regions are depolarized. The blank areas represent the electrically neutral regions for leads I 
and III. A . The numbers identif j' the specific segments whose depolarization produces, the thirteen 
different combinations of potentials at the right and left forelimbs, as described in the text. B. The 
numbers identify the specific segments whose depolarization produces the 13 different combinations 
of potentials at the left forelimb and left hindlimb, as described in the text. 

3. Acceleration of repolarization of the mid-third of the posterior right ventricle 
by heating results in increased positivity of the T-w'ave in VR, but in increased 
negativity of T-\TL. The increase in the height of T-VR is due to increase in the 
magnitude of the positive potential developed at the right forelimb, while the deep 
inversion of the T-^'X is due to increase in the magnitude of negative potential 
developed at the left forelimb. Inasmuch as the right forelimb is initially positive 
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wth respect to the left, the beam in lead I is initially deflected downward, inscribing 
an inverted T-wave (fig. 6). Decelerating the repolarization of this region by coolmg 
results in increased negativity of T-VR and in increased positivity of T-\T1.. Because 
the right forelimb becomes initially negative relative to the left, the beam in lead I 



Fig. 3- 7-0 K. MALE DOG, April 8, 194S. A. Forced extrasyslolcs from right posterior ventricle 
The fine vertical lines represent 0.04-sec. time intervals. Following the stimulus artefact, tlie initial 
movement of the beam is downward in VR, upward in \tL, and upward in lead I. B. Forced extra- 
systoles from left anterior ventricle. The initial movement of the beam is upward in VR, downward in 
VL and downward in lead I. 



Fig. 4. Fi\t. different combinations of ST-segment deviations in VR and VL that produce 
ST-segment depression in lead I. A. 5.6 K. female dog, Aug, 21, 1947- M/5 KCl applied to seg- 
ment I, fig. 2 A. The ST-segment is elevated in VR, depressed in VL and sharply depressed in lead 
I. iJ. 6.0 K. male dog, Sept. 2, 1947. M/s KCl applied to segment 2, fig. 2A, The ST-segment is 
elevated in VR, isoelectric in VL and moderately depressed in lead I. C. 9.6 K. male dog, July 31, 
1947. M/s KCl applied to segment 3, fig. 2A. The ST-segment is elevated in both VR and VL, 
but to a greater extent in VR. ST-segment in lead I moderately depressed. D. 5.6 K. female dog, 
Aug. 21 , 1947. M Is KCl ajiplied to segment 4, fig. 2A. ST-segment isoelectric in VR, depressed in 
\X and depressed in lead I. F.. 8.7 K. male dog, Aug. 7, 1947. M/5 KCl applied to segment 5, fig. 
2A. ST-segment depressed in both VR and VL, but to a greater extent in VL. Minimal depresion 
of ST-I. Control records arc not exhibited here, but all leads showed isoelectric ST-segments. 

is initially deflected upward, inscribing an upright T-I (fig. 6). Alterations of the 
speed of repolarization by similar treatment of the mid-third of the anterior left 
ventricle results in opposite changes in T-VR, and T-I (fig. 6), 

The above c.xjierimental findings all lead to the same conclusion, namely, that 
flepolariz;ition of the mid-third of the jiosterior right ventricle results in tlic dcv'ciop- 
menl of potentials at the right forelimb which arc negative with re.spcct to those 
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Fig. 5. Five different combinations of ST-segment deviations in VR and VL that produce 
ST-segment elevation in lead 1 . A . 7.2 K. female dog, Sept. 21, 1947. M/s KCl applied to segment 
6, fig. 2A. The ST-segment is depressed in VR, elevated in \T, and elevated in lead I. B. 6.7 K. 
male dog. Sept, ii, 1947. M/s KCl applied to segment 7, fig. 2A. The ST-segment is depressed in 
VR, isoelectric in VL and elevated in lead I. C. 9.6 K. male dog, July 31, 1947. M/s KCl applied 
to segment 8, fig. 2A. The ST-segment is depressed in both VR and VL, but to a greater extent in 
VR. ST-I is elevated. D. 8.0 K. male dog, Sept. 26, 1947. M/s KCl applied to segment 9, fig.aA. 
The ST-segment is isoelectric in VR, moderately elevated in VL, and moderately elevated in lead I. 
B. 8.7 K. male dog, Aug. 7, 1947. M/s KCl applied to segment 10, fig. 2A. The ST-segment is 
elevated in both VR and VL, but to a greater extent in VL. ST-I is moderately elevated. Control 
records are not exhibited, but all showed isoelectric ST-segments. 


Fig. 6. Changes in t-wave in leads VR? 
VL, and I following heating and cooling the 
heart surface. 7.2 kg. male dog, May 18, 
1948. RPV = right posterior ventricle; 
LAV = left anterior ventricle; RAF = right 
anterior ventricle; LPV = Left posterior 
ventricle. Warming RP V makes T-VR more 
positive, T-VL more negative, and T-I 
sharply inverted. Cooling RPV makes T- 
VR more negative, T-VL more positive, and 
T-I sharply upright. Warming LA V makes 
T-VR more negative, T-VL more positive, 
and T-I sharply upright. Cooling LA V 
makes T-VR more positive, T-VL more nega- 
tive, and T-I sharplj'^ inverted. Warming 
RAV makes both T-VR and T-\rL more 
positive. T-I shows no change. Cooling 
RA V makes both T-VR and T-YL more nega- 
tive. T-I shows no change. Cooling RAV 
makes both T-VR and T-IT. more negative. 
T-I shows no change. W arming LP V makes 
both T-VR and T-VL more negative. T-I 
shows little change. Cooling LPV makes 
both T-VR and T-VL more positive. T-I 
shows only slight change. 
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developed at the left forelimb, and that depolarization of the mid-third of the anterior 
left ventricle results in the development of potentials at the right forelimb which are 
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positive in relation to those developed at the left forelimb. Since in each case the 
potentials at the two extremities are of opposite electrical sign, lead I, recording the 
difference in potential between the two extremities, exhibits maximal deflections of 
the beam upward and downward respectively following the depolarization of these 
two heart segments. 

B. Regions of the Heart in Which Depolarization Results in Deflections of the Beam in 
Lead I of Lesser Magnitude Than Those Described in Section A 

Upward deflections of the beam in lead I have also been found to result when 
those regions of the heart which border immediately upon the mid-third of the 
posterior right ventricle become depolarized, while downward deflections also result 
from depolarization of those regions that border upon the mid-third of the anterior 
left ventricle, but these deflections are of lesser magnitude than those which result 
from depolarization of the mid-third of the posterior right and anterior left ventricles. 
Study of the nature of the ST-segment displacements in leads VR, VL, and I resulting 
from experimental injury to these specific regions furnishes the explanation for these 
observations. 

1. M/5 KCl solution applied to the epicardial surface of heart , segment 2, 
figure 2A, produces ST-segment elevation in VR but no displacement of ST-\T., 
indicating that during diastole the right forelimb is negative relative to the left. 
Lead I reflects this relationship by an upward displacement of the diastolic baseline 
and hence exhibits a depressed ST-segment (fig. 4B). 

2. M/5 KCl solution applied to heart segment 3, figure 2 A, produces ST-segment 
elevation in both VR and VL, but the degree of upward displacement of the ST- 
segment is greater in VR than in VL, indicating that the degree of negativity at the 
right forelimb during diastole is greater than that at the left forelimb. During 
diastole the right forelimb is negative relative to the left, and therefore lead I exhibits 
upward displacement of the diastolic baseline (ST-segment depression, fig. 4C). 

3. M/ 5 KCl solution applied to segment 4, figure 2A, produces no displacement 
of ST-VR, but depression of ST-\T,, indicating that during diastole the right forelimb 
is negative relative to the left. Lead I, therefore, exhibits ST-segment depression 
(fig. 4D). 

4. M/5 KCl solution applied to segment 5, figure 2A, produces ST-segment 
depression in both VR and VL, but the degree of depression is somewhat greater in 
VX than in VR. Although both extremities are at positive potential during diastole, 
the right forelimb is somewhat negative relative to the left, and lead I, therefore, 
c.xhibits ver>’ slight depression of the ST-segment (fig. 4E). 

5. M/5 KCl solution applietl to segment 7, figure 2A, produces depression 
of ST-VR but no displacement of ST-VX, indicating that during diastole the right 
forelimb is positive relative to the left. In lead I, therefore, there is downward 
displacement of the diastolic baseline (ST-segment elevation, fig, 5B). 

6. M/ 5 KCl solution applied to segment 8, figure 2A, produces depression of the 
ST-segment in both VR and VX, but the degree of dovmward displacement is greater 
in VR than in VL. The right forclimb is thus relatively positive with respect to the 
left during diastole, and lead I therefore exhibits downward displacement of the 
diastolic baseline (ST-segment elevation, fig. 5C). 
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7. M/ 5 KCi solution applied to segment g, figure 2A, produces no displacement 
of ST-VR, but produces moderate elevation of ST-VL. The right forelimb is thus 
positive relative to the left during diastole, and therefore lead I exhibits slight ST- 
segment elevation (fig. 5D). 

8. M/5 KCI solution applied to segment 10, figure 2 A, produces ST-segment 
elevation in both VR and VL, but the degree of upward displacement is greater in 
VL than in VR. The right forelimb is thus somewhat positive relative to the left 
during diastole, and lead I therefore exhibits moderate ST-segment elevation (fig. 5E). 

The five possible combinations of positive, zero, and negative potentials at the 
right and left forelimbs that could account theoretically for an upward movement 
of the beam in lead I have all been found to exist and each combination has been 
demonstrated to result from the depolarization of specific portions of the posterior 
right ventricle, posterior right apex, right lateral wall, and the posterior septum 
(segments 1-5, fig. 2 A). The greatest difference in potential between the two 
extremities as recorded in lead I has been shown to develop following depolarization 
of the mid-third of the posterior right ventricle (segment i, fig. 2 A) while differences 
of lesser magnitude, but of the same electrical sign, result from the depolarization of 
the immediately adjacent regions. Similarly, the five possible combinations of 
potential at the right and left forelimbs that could account theoretically for a down- 
ward movement of the beam in lead I have each been demonstrated to result from the 
depolarization of specific portions of the anterior left ventricle, the mid-third of the 
anterior septum, a small portion of the lower third of the anterior right ventricle 
near the septum, the upper two-thirds of the lateral wall of the left ventricle, and a 
small segment of the basal posterior left ventricle (segments 6-10, fig. 2A). The 
mid-third of the anterior left ventricle (segment 6, fig. 2A) was found to be the region 
whose depolarization results in the development of the greatest difference in potential 
between the right and left forelimbs, while depolarization of the immediately sur- 
rounding regions results in differences of lesser magnitude, but of similar electrical 
sign. 

More accurate localization of injuries to the dog heart is possible from study of 
the ST-segment displacements in leads VR and VL than from a study of ST-segment 
displacement in lead I alone. ST-segment elevation in lead I localizes the injury only 
to the general region of the anterior left ventricle, while the direction of ST-segment 
displacements in VR and \rL helps localize the injury to more specific parts of this 
general region. ST-segment depression in lead I localizes the injury only to the 
general region of the posterior right ventricle, while displacements of ST-VR and 
ST-VL help localize the injury to more specific parts of this region. 

C. Regions of the Heart in Which Depolarization Results in Minimal or no Deflections 

of the Beam in Lead I 

Exploration of the ventricular surfaces of the heart reveals that there exist 
specific regions in which depolarization fails to produce any appreciable deflection of 
the beam in lead I. These segments are the mid and upper thirds of the anterior 
right ventricle, the upper third of the anterior septum, the basal portion of the 
anterior left ventricle, the left apex, and the lower two thirds of the posterior left 
ventricle (segments 11-13, fig. sA). As has been mentioned above, there are three 



378 


L. H. NAHUM, H. M. CHERNOFF AND W. KAUFMAN 


Volume 154 


possible conditions in which an isolectric beam can occur in a standard limb lead 
even though certain segments of the heart are the site of depolarization at the moment. 
In each instance there is no appreciable potential difference developed between the 
two extremities as a result of such depolarization. The reasons for the relative or 
absolute lack of electrical representation in lead I of the heart segments listed above 
may be determined from a study of the changes occurring in leads VR. and \rL follow- 
ing excitation, injury, or alteration in rate of repolarization of these segments. 

1. Mid and upper thirds of anterior right ventricle {segment ii, fig. 2 A), a) M/5 
KCl solution applied to this region produces ST-segment elevation of the same degree 
in both VR and indicating that the potentials which develop at each extremity 
during diastole as a result of the current of injury are each negative and of the same 
magnitude. Because there is no difference in potential between the two hmbs during 
diastole, the ST-segment in lead I remains isoelectric (fig. 7 A). 

6) Acceleration of the rate of repolarization of this segment by heat makes 
the T-wave become more upright in both and VL. Because the degree of 

Fig. 7. ST-segmext displacements in VR and 
\'L that fail toproduce ST-segment changein lead I. 
A. g.6 K. male dog, July 31, 1947. M/5 KCl ap- 
plied to segment ii, 6g. 2 A. The ST-segment is 
elevated to the same extent in both VR and \T. 
Tht ST-segment in lead I remains isoelectric. B. 
3.6 K. male dog, Aug. 21, 1947. M/5 KCl ap- 
plied to segment 12, fig. 2 A. The ST-segment is 
depressed to the same extent in both and VL. 
The ST-segment in lead I remains isoelectric. Con- 
trol records are not exhibited, but all leads showed 
isoelectric ST-segments. 

change in the amplitude of the T-wave in each of these leads tends to be of equal 
magnitude, the difference in potential between the two forelimbs throughout the 
repolarization process after treatment vath heat remains the same as that which 
existed before the heating. The amplitude and direction of the T-wave in lead I 
therefore tends to remain unchanged despite the fact that the rate of repolarization 
of a large portion of the heart has been materially altered (fig. 6). Conversely, 
cooling this region results in inversion of the T-waves in both VR and VL, but because 
the degree of change is the same in each of these leads, the T-wave in lead I tends to 
remain unaltcreci (fig. 6). 

2. Left apex and lower two-thirds of posterior left ventricle {segment 12, fig. 2A). 
a) M/5 KCl solution applied to this region produces ST-segment depression of tlie 
same degree in both VR and \X, indicating that positive potentials of equal magni- 
tude are developed at each forelimb during diastole as a result of the injury current. 
No difference in potential has developed between the two extremities during diastole, 
and therefore lead I reveals an isoelectric ST-segment (fig. 7B). 

6) \Mien cxtrasystolcs were elicited by stimulation of the epicardial surface of the 
lower third of the posterior left ventricle, the beam in lead I remained at the iso- 
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electric line for about 0.04 sec. before moving dowoiward (fig. 8). During this 0.04- 
sec. interv^al, however, the beam in lead III rapidly moved do\\Tiward. The explana- 
tion for this isopotential period in lead I (at a time when some parts of the heart were 
undergoing activation) becomes clear from an analysis of the configuration of the 
extrasystole as it was simultaneous!}'- inscribed in VR and VX. It can be seen in 
both VR and \X tliat the beam initially moved upwards with identical slopes, indi- 
cating that the potentials developed at each forelimb at each instant during this 
0.04-sec. period were of the same electrical sign and of equal magnitude. Because 
no difference in potential developed between the two extremities as a result of the 
early activation of the posterior left ventricle, the beam in lead I, therefore, remained 
at the isoelectric line until the excitatory process had spread to other parts of the 
heart. 

c) VTen repolarization of this heart segment is accelerated by heat, the T-wave 
in both and \X becomes more negative, the degree of change in the T-wave in 


Fig. 8. Forced extrasystole from 
lower third of posterior left ventricle. 9.0 
K. male dog, Oct. 14, 1947. The initial 
movement of the beam is upward in both VR 
and VL and the slope of the upward deflec- 
tion is the same in each lead during the 0.04- 
sec. period following the stimulus artefact. 
The initial movement of the beam is down- 
ward in lead VF and immediately follows 
the stimulus artefact. The beam remains at 
the isoelectric line in lead I until 0.04 sec. 
after the stimulus artefact. In lead III the 
beam is deflected downward immediately 
after the stimulus artefact. 



each of these leads being equal (fig. 6). The T-wave in lead I exhibits little or no 
alteration from the control value since the difference in potential between the two 
extremities throughout the repolarization process remains at the pretreatment level. 
Conversely, when repolarization of this region is delayed by coohng, both T-VR and 
T-VL become more upright. Because the degree of change in potential at both 
extremities tends to be of similar magnitude, the T-wave in lead I exliibits little or no 
change (fig. 6). 

3. Basal posterior left ventricle near the septum {segment 13, fig. 2A). M/5 KCl 
solution applied to this segment produces no significant displacement of the ST- 
segment in either VR or VL, and therefore lead I exhibits an isoelectric ST-segment 
(fig. 9A, B). The reason for the lack of any displacement of the ST-segment in 
either VR or VL is that the injured region lies in the intermediate zone of each of 
these leads and is, therefore, in an electrically neutral area of both of these leads 
(fig. i). In lead III, however, the ST-segraent is displaced upward because the 
treated area lies within the proximal zone of lead VF (fig. 9A, B). 

The above obser\'-ations all demonstrate that potentials resulting from the 
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depolarization or repolarization of the major portion of the anterior right ventricle, 
the left apex, and the major portion of the posterior left ventricle fail to produce 
significant beam deflections in lead I. 



Fig. 9. Regions of the heart in wliich 
injury produces ST-segment displacement in 
only one of the three unipolar leads. A. 
Control; 11.4 male dog, Oct. 14, 1947. B. 
M/s KCl applied to segment 13, fig. 2A. 
The ST-segment tends to remain at the iso- 
electric line in VR and VL and lead I. The 
ST-segment is elevated in VF and lead HI. 

C. Control; 6.5 K. male dog, Oct. 23, 1947. 

D. M/s KCl applied to segments 1-3, 6, 9- 
II, fig. 2B. The ST-segment is depressed in 
VR, and isoelectric in VL and VF. Lead I 
eidiibits ST-segment elevation. Lead III 
exhibits an isoelectric ST-segment. 


SUMMARY AND CONCLUSIONS 

The present study of the nature of lead I by analysis of the ‘unipolar’ extremity 
leads \rR and VX permits the following conclusions: 

1. The five possible combinations of potentials at the right and left forelimbs 
that could account theoretically for upward movement of the beam in lead I and tlie 
five possible combinations of potentials at these extremities that could account 
theoretically for downward movement of the beam in lead I have been shown to * 
exist experimentally and each combination can be related to the depolarization of a 
specific ventricular region. 

2. It is only when the site of preponderant depolarization lies within the anterior 
left ventricle that dowTiward deflection of the beam occurs in the ventricular complex 
in lead I because only depolarization in this region results in the development of 
potentials at the right forelimb which are positive relative to those developed at the 
left forelimb. If a portion of this region is activated in advance of the rest of the 
ventricles, the initial movement of the beam in the ventricular complex tvill be 
downward and a Q-wave will, therefore, be inscribed in lead I. Later excitation 
of this region will also result in downward movement of the beam in lead I and this 
accounts for the downstroke of the R- and S-w'avcs in this lead. 

3. It is only when the site of preponderant depolariKition lies within the posterior 
right ventricle and posterior septum that upward deflections of the beam occur in the 
ventricular complex in lead I because only depolarization of these regions gives rise to 
potentials at the right forclimb which a.rc negative relative to those developed at the 
left forelimb. If a portion of these regions is activated early, the beam will move 
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upward and inscribe the upstroke of the Q- and R-waves in lead I. If a part of these 
regions is the last to be activated, the beam will again be deflected upward in lead I, 
thus inscribing the upstroke of the S-wave in this lead. 

4. No deflections of the beam take place in lead I when the major portions of the 
anterior right ventricle, the left apex, and the posterior left ventricle become de- 
polarized or repolarized, since during these events no appreciable difference in 
potential develops between the right and left forelimbs. Depolarization of the major 
portion of the anterior right ventricle results in the development of negative potentials 
of equal or approximately equal magnitude at both extremities, whereas depolariza- 
tion of the major portion of the posterior left ventricle and left apex results in the 
development of positive potentials of equal or approximately equal magnitude at 
both extremities. There exists a small segment of the basal posterior left ventricle 
near the septum in which depolarization fails to produce beam movements in lead I 
because it fails to produce any deflections of the beam in either VR or ^T,. 

5. An isopotential ST-segment in lead I can occur when any of the following 
conditions exists: a) no current of injury is present; h) injury is present in the mid- 
third of the anterior right ventricle and/or the lower two-thirds of the posterior left 
ventricle and left apex; c) repolarization has not yet begun in the anterior left and 
posterior right ventricles; d) the anterior left and posterior right ventricles are 
repolarizing at the same rate, thus producing potentials at each extremity of the 
same magnitude but of opposite electrical sign so that the net potential at each 
extremity is zero. 

6. More specific localization of injury to the heart is possible from study of ST- 
segment displacements in VR and VL than from study of ST-segment displacement 
in lead I alone. ST-segment elevation in lead I localizes the injury only to the 
general region of the anterior left ventricle, while the displacements of the ST-seg- 
ments in VR and VL help localize the injury to more specific parts of this region. 
ST-segment depression in lead I locahzes injury only to the general region of the 
posterior right ventricle, while the displacements of the ST-segments in VR and VL 
help localize the injury to more specific parts of this region. 

7. When the anterior left ventricle repolarizes in advance of the posterior right 
ventricle, the T-wave is upright in lead I because of the development of initial 
relative negativity at the right forelimb. Conversely, when the posterior right 
ventricle repolarizes in advance of the anterior left ventricle, the T-wave in lead I is 
inverted because of the development of initial relative positivity at the right foreUmb. 
The repolarization of the major portions of the anterior right and posterior left 
ventricles contributes little or nothing to the configuration of the T-wave in lead I 
because the repolarization of each of these regions tends to produce simultaneous 
potentials of the same magnitude and electrical sign at the right and left forelimbs. 

These conclusions as to the derivation of lead I in the dog correspond closely 
with the findings of Hoff, Nahum and Kaufman (2-5) on the nature of the various 
components of the ventricular complex in this lead. These authors described lead I 
as the algebraic summation of potentials derived mainly from the depolarization of 
the posterior right and anterior left ventricles. They found that the depolarization 
of the anterior right and posterior left ventricles was not represented in lead I. The 
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present study has more exactly delimited the electrically active as well as the elec- 
trically neutral areas for lead I, and has established the basis for the presence or 
absence of electrical representation of the various regions of the heart in lead I. 

DERIVATION OR LEAD in PROM ANALYSIS OF SmULTANEODSLY RECORDED LEADS \T? 

AND VL 

A. Regions of the Heart in Which Depolarization Results in Maximal Deflections of the 

Beam in Lead III 

Exploration of the ventricular surfaces of the dog heart reveals that the greatest 
upward deflections of the beam in lead III occur when the upper half of the anterior 
right ventricle (segment i, fig. 2B) becomes depolarized while the greatest dovmward 
deflections in this lead result when the left apex and lower two thirds of the posterior 



Fig. 10. 7.0 K. xtALE DOG, .Apr. 8, 1948. A. Forced cxlrasystolcs from anterior right ventricle- 
The fine vertical lines represent 0.04-sec. time intervals. Following the stimulus artefact, the initial 
movement of the beam is upward in lead VF, downward in lead AfL and upward in lead III. B. 
Forced cxlrasystolcs from posterior left ventricle. Following the stimulus artefact the initial move- 
ment of the beam is downward in lead VF, upward in lead VL and downward in lead III. 

left ventricle are depolarized (segment 6, fig. 2B). The explanation for these observ'a- 
tions becomes apparent from a study of the changes that occur in the 'unipolar’ 
extremity leads VF and VL following the depolarization and repolarization of these 
segments. 

I. Depolarization initiated in theanterior right ventricle by epicardial stimulation 
results in oppositely directed initial deflections of the beam in \*F and VL, indicating 
that the potentials developed at each extremity arc initially of opjwsite electrical 
sign, the left forelimb being initially negative with respect to the left hindlimb. 
Lead III, tliereforc, exhibits an initial upward deflection (fig. loA). Conversely, 
stimulation of the left apex and lower two thirds of the posterior left ventricle results 
in initial dovmward <leflection of the beam in VF but in initial upward movement of 
tiie beam in VL, indicating that the left forelimb is initially po.silive with respect to 
th.c left hindlimb. Lead III, therefore, exhibits an initial downward deflection 
(fig. loB). 
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2. M/5 KCl solution applied to the surface of the anterior right ventricle 
(segment i, fig. 2B) produces ST-segment elevation in VL and ST-segment depres- 
sion in VF, indicating that injury to this region results in the development during 
diastole of potentials at the left forelimb which are negative relative to those de- 
veloped at the left hindlimb. Lead III, therefore, exhibits an upward displacement 
of the diastolic baseline or ST-segment depression (fig. iiA). I^Tien M/5 KCl 
solution is applied to the surface of the left apex or lower two-thirds of the posterior 
left ventricle (segment 6, fig. 2B), ST-segment depression occurs in ^T,, while ST- 
segment elevation occurs in VF. This indicates tliat injury to this region of the heart 
results in the development during diastole of potentials at the left forelimb which are 
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Fig. II. Five oirrERENT combinations of ST-segment deviations in VF and VL tliat produce 
ST-segment depression in lead III. A. g.6 K. male dog, July 31, 1947. M/s KCl applied to seg- 
ment I, fig. zB. The ST-segment is depressed in VF, elevated in VL and depressed in lead III. B. 
B. 7.5 male dog, Jan. 6, 1948. M/s KCl applied to segment 4, fig. zB. The ST-segment is depressed 
in VF, isoelectric in VL and depressed in lead III. C. 8.0 K. male dog, Sept. 26, 1947. M/s KCl 
applied to segment 5, fig. zB. The ST-segment is depressed both in VF and VL, but to a greater ex- 
tent in VF. ST-III is moderately depressed. B. 6.6 K. male dog. Sept. 2, 1947. M/s KCl applied 
to segment, 2, fig. 2B. The ST-segment is isoelectric in VF, moderately elevated in VL and moder- 
ately depressed in lead III. E. 6.6 K. male dog. Sept. 2, 1947. M/s KCl applied to segments, fig. 
2B. The ST-segment is elevated both in VF and VL, but to a slightly greater extent in VL. ST-III 
shows minimal depression. Control records are not exliibited but all leads showed isoelectric ST- 
segments. 


positive with respect to those developed at the left hindlimb. Li lead III, therefore, 
the diastolic baseline is displaced downward and ST-segment elevation results (fig. 
12A). 

3. Acceleration of repolarization of the upper half of the anterior right ventricle 
by heat results in increased positivity of the T-wave in \T., but in increased negativity 
of T-VF. The increase in the height of the T-wave in VL is due to increase in the 
magnitude of the positive potential developed at the left shoulder, while the deep 
inversion of T-VF is due to increase in the magnitude of negative potential developed 
at the left hindlimb. Because the left forelimb is initially positive with respect to the 
left hindlimb, the beam in lead III is initially deflected downward, inscribing an 
inverted T-wave (fig. 13). Conversely, decelerating the repolarization of this region 
by cooling results in increased negativity of T-\/L, but in increased positivity of T- 
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Fig. 12. F;ve different combinations of ST-segment deviations in VF and VL that produce 
ST-segment elevation in lead in. A. 5.6 K. male dog, Aug. 21, 1947. M/5 KCl applied to segment 
6, fig. 2B. The ST-segment is sharply elevated in VF, sharply depressed in VL and sharply elevated 
in lead HI. B. 6.7 K. male dog, Sept, ii, 1947. M/s KCl applied to segment 9, fig. 2B. The ST- 
segment is sharply elevated in VF, isoelectric in VL, and sharply elevated in lead HI. C. 6.7 K. 
male dog. Sept, ii, 1947. M/5 KCl applied to segment 10, fig. 2B. The ST-segment is moderately 
elevated in both VF and \L, i)Ut to a greater extent in VF. ST-III is moderately elevated. D. 8.7 
K. male dog, Aug. 7, 1947. M/s KCl applied to segment 7, fig. 2B. The ST-segment is isoelectric 
in VF, moderately depressed in VL, and moderately elevated in lead HI. E. 7.2 K. male dog, May 
18, 1947. M/s KCl applied to segment 8, fig. 2B. The ST-segment is slightly depressed in both VF 
and \L, but to a greater extent in VL. ST-HI shows slight elevation. Control records are not ex- 
hibited, but all leads showed isoelectric ST-segments. 
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Fig. 13. Changes in the t-wave in 
leads VF, VL and HI following heating and 
cooling the heart surface. 7.2 K. male dog. 
May 18, 1948. RA V = right anterior ven- 
tricle; LPV = left posterior ventricle; RPV 
= right posterior ventricle. Warming RA V 
makes T-VF more negative, T-VL more posi- 
tive, and T-in sharply inverted. Cooling 
R/ 1 V makes T-VF more positive, T-\L more 
negative, and T-HI sharply upright. Warm- 
ing LPV makes T-VF more positive, T-VL 
more -negative, and T-IH sharply upright. 
Cooling LPV makes T-VF more negative, T- 
VL more positive, and T-IH deeply inverted. 
Warming RPV makes botli T-VF and T-VL 
more negative. T-III shows only moderate 
change. Cooling RPV makes both T-VF 
and T-VL more positive. T-III shows only 
slight change. Changes in the QRS complex 
arc noted, and will be discussed elsewhere. 
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VF. Since the left forelimb is initially negative with respect to the left hindlimb 
during the inscription of the T-wave, the beam in lead III is initially deflected up- 
ward, inscribing an upright T-III (fig. 13). Similar treatment of the left apex and 
posterior left ventricle with heat and cold results in changes in T-VL, T-VF, and 
T-III of opposite nature to those described above following treatment of the anterior 
right ventricle (fig. 13). 

The above experimental findings all lead to the same conclusion, namely, that 
depolarization of the anterior right ventricle results in the development of negativity 
at the left forelimb relative to the left hindlimb, while depolarization of the left apex 
and lower two-thirds of the posterior left ventricle results in the development of 
positivity at the left forelimb relative to the left hindlimb. Since in each case the 
potentials at the two extremities are of opposite electrical sign, lead III — recording 
the difference in potential between the two extremities — exhibits maximal upward 
or downward deflections of the beam respectively following the depolarization of 
these regions of the heart. 

B. Regions of the Heart in Which Depolarization Results in Deflections of the Beam in 
Lead III of Lesser Magnitude Than Those Described in Section A 

Upward movements of the beam in lead III also occur when regions of the heart 
which border immediately upon the upper half of the anterior right ventricle become 
activated, while downward deflections of the beam in lead III also occur when regions 
of the heart which border immediately upon the left apex and lower two thirds of the 
posterior left ventricle become activated, but these deflections are of lesser magnitude 
than those described above in Section A. Study of ST-segment displacements in 
leads VL, VF and III resulting from experimental injury to these regions furnishes 
the explanation for these observations. 

1. M/5 KCl solution applied to segment 2, figure 2B, produces no displacement 
of the ST-segment in W, but upward displacement of the ST-segment in VL, indi- 
cating that during diastole the left forelimb is negative relative to the left hindlimb. 
The diastohe baseline in lead III is therefore displaced upward and an ST-segment 
depression is inscribed (fig. iiD). 

2. M/s KCl solution applied to segment 3, figure 2B, produces slight upward 
displacement of the ST-segment in both VF and VL, but the degree of upward dis- 
placement is somewhat greater in VL than in VF, indicating that during diastole the 
left forehmb is negative relative to the left hindlimb. The diastolic basehne in lead 
III is, therefore, displaced upward, and a minimal ST-segment depression results 
(fig. iiE). 

3. M/s KCl solution applied to segment 4, figure 2B, produces downward 
displacement of the ST-segment in VF but no displacement of ST-\Tv, indicating 
that the left forelimb is negative relative to the left hindlimb during diastole. Lead 
III, therefore, exhibits a depressed ST-segment (fig. iiB). 

4. M/s KCl solution applied to segment 5, figure 2B, produces depression of the 
ST-segment in both VF and VL, but the degree of depression is greater in VF than 
in VL. The left forelimb is relatively negative with respect to the left hmdlimb 
during diastole and, therefore, lead III exhibits slight depression of the ST-segment 
(fig. iiC). 
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5. M/ 5 KCl solution applied to segment 7, figure 2B, produces no displacement 
of ST-\T and depression of STAHL. The left forelimb is positive relative to the left 
hindlimb during diastole, and, therefore, lead III shows elevation of the ST-segment 
(fig. 1 2D). 

6. M/5 KCl solution applied to segment 8, figure 2B, produces slight depression 
of the ST-segments in both VF and \T,, but the degree of depression is somewhat 
greater in VL than in VF. The left forelimb is positive relative to the left hindlimb 
during diastole and lead III therefore exliibits slight ST-segment elevation (fig. 12E). 

7. M/5 KCl solution applied to segment 9, figure 2B, produces elevation of 
the ST-segment in VF, but no change of ST-\T.. The left forelimb is positive 
relative to the left hindlimb during diastole and lead III exhibits ST-segment eleva- 
tion (fig. 12B). 

8. M/ 5 KCl solution applied to segment 10, figure 2B, produces elevation of the 
ST-segment in both VF and VX, but the degree of elevation is somewhat greater in 
\X than in AX. Lead III, therefore, exhibits moderate elevation of the ST-segment 
(fig. 12C). 

Thus it has been demonstrated above that the depolarization of the upper two 
thirds of the anterior right ventricle, the upper two thirds of the anterior septum, 
the upper third of the anterior left ventricle, and a small portion of the basal posterior 
left ventricle (segments 1-4, fig. 2B) results in the development of negativity at the 
left forelimb relative to the left hindlimb and thus produces upward movement of the 
beam in lead III. Depolarization of the left apex, the lower third of the anterior left 
ventricle, a portion of the right apex, and the lower two thirds of the posterior left 
ventricle and septum (segments 6-10, fig. 2B) results in the development of nega- 
tivity at the left hindlimb relative to the left forelimb and thus produces downward 
movement of the beam in lead III. 

More specific localization of the site of injury to the heart can be obtained from a 
study of ST-segment displacements in leads VF and VL than from a study of ST- 
segment displacements in lead III alone. Upward displacement of the ST-segment 
in lead III localizes the injury only to the general region of the left apex and posterior 
left ventricle, while the displacements in leads VF and \X help localize the injury to 
more specific parts of this general region. Depression of the ST-segment in lead III 
localizes injury only to the general region of the anterior right ventricle, while the 
displacements in leads VF and AX help localize the injurj’’ to more specific parts of 
this region. 

C. Regions of (he Heart in Which Depolarization Results in Minimal or no Deflection 

of the Beam in Lead JII 

Exploration of the ventricular surfaces of the heart reveals that depolarization of 
major portions of the posterior right ventricle and the anterior left ventricle fails to 
prcxluce significant deflection of the beam in lead III. It has been demonstrated 
above that depolarization of these segments of the heart is maximally recorded in 
lc.i<l I. The reasons for the electrical neutrality of these regions in lead III arc 
revealed from study of changes occurring in leads VF and \'L following injury to these 
segments or following alterations in their rates of repolarization. 
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I. Mid-third of posterior right ventricle {segment 12, fig. 2B). a) M/5 KCl solu- 
tion applied to this region produces ST-segment depression of equal degree in both 
VF and indicating that both the left forehmb and left hindlimb are at the same 
positive potential during diastole as a result of the current of injury. Since there is 
no difference in potential between the two extremities during diastole, lead III there- 
fore exhibits an isoelectric ST-segment (fig. 14A). 


B 

VF; 

{ 

V L ■zs^ 


in : 




i -■ i ' ; : 




vRpT^n 


va , ■ Li? 




VL' 


' t ! 


X i i ( . • 


nr 


! 1 

i i 
t i 
i : 


M' ' 






Fig. 14 (left). ST-segment displacements in tT and VL that fail to produce ST-segment 
changes in lead III. A. 7.0 K. female dog, June 2, 1948. M/5 KCl applied to segment 12, fig. 2B. 
The ST-segment is depressed to the same extent in both VF and VL. The ST-segment in lead III 
remains isoelectric. B. 11.4 K. male dog, Aug. 15, 1947. M/5 KCl applied to segment ii, fig. 2B. 
The ST-segment is elevated to the same extent in both VF and VL. The ST-segment in lead III re- 
mains isoelectric. Controls showed isoelectric ST-segments in all leads, but are not exhibited. 

Fig. 15 {right). Changes in the t-wave in leads VR, VL, VF, I, and III following heating and 
cooling the anterior left ventricle. 6.1 K. male dog, June 3, 1948. A=control; B=warming; C= 
cooling. Warming produces increased negativity of T-VR, but little change in T-VL and T-VF. T-I 
becomes more upright while T-III shows minimal change. Cooling produces upright T-VR, but little 
change in T-VF and T-VL. T-I becomes inverted whUe T-III remains essentially unaltered. 


h) Acceleration of repolarization of this segment by heat makes the T-wave 
become more negative in both VF and \T,. Because the degree of change in each 
of these leads tends to be of equal magnitude, the T-wave in lead III exhibits onl}'- 
moderate change in its configuration following the application of heat to this region 
(fig. 13). When the repolarization of this region is delayed by cooling it, both T-VF 
and T-VL become more positive. Because the degree of change in the T-wave in 
each of these leads tends to be similar, lead III fails to exhibit any significant change 
in T-wave configuration (fig. 13). 

2. Mid-third of anterior left ventricle {segment ii, fig. 2B). M/5 KCl solution 
applied to this segment produces slight ST-segment displacement upward of equal 
degree in both VF and ^^L. Since the potentials which exist during diastole at both 
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the left forelimb and left hindlimb are of the same electrical sign and magnitude, 
lead in exhibits no displacement of the ST-segment (fig. 14B), These changes occur 
in VF and ^^L when the injury involves chiefly that portion of the mid-third of the 
anterior left ventricle which lies in the proximal zones of both of these leads (segment 
labelled DPP, fig. i). 

3. Major portion of anterior left voitricle {seg7nen{s j-3, 6, g-i I, fig. 2B). <z) M/s 
KCl solution applied over the entire surface of the anterior left ventricle may also 
produce no appreciable displacement of the ST-segment in either VF or VL, and as a 
consequence there will be no change in the ST-segment in lead III (fig. 9B). The 
explanation for this phenomenon can be understood by referring to figure i in which 
it is seen that the upper portion of the anterior left ventricle lies in the proximal zone 
of \T, but in the distal zone of VF while the lower portion of the anterior left ventricle 
hes in the distal zone of \T,, but in the proximal zone of VF. Injury with potassium 
which tends to involve equal portions of both the proximal and distal zones of both 
W and \T^ will result in an isoelectric ST-segment in both VF and \T, since the 
algebraic summation of the injury potentials derived from the proximal and distal 
zones of each of these leads will tend to approximate zero. Although no change may 
occur in ST-VF and ST-VL following such treatment of the anterior left ventricle, 
the ST-segment in lead VR is displaced downward because the injured area consists 
chiefly of a part of the distal zone of this lead. Lead I, therefore, exhibits definite 
ST-segment elevation (fig. 9C, D). 

Thus it can be seen that the greater the extent of anterior left ventricular injury 
the more likely it is that the algebraic summation of injury potentials developed at 
both the left forelimb and left hindlimb mil aI)proximate zero and that no displace- 
ment of the ST-segment will occur in leads VF, VL, and III. 

b) Heating and cooling the entire anterior left ventricle may also fail to produce 
any changes in the T-wave in lead HI, for reasons similar to those given above for 
the lack of ST-segment deviation following injurj’^ to this region. If the area of the 
anterior left ventricle treated bj'^ heat or cold is of such magnitude that equal portions 
of the proximal and distal zones of both leads VF and \T. are involved, the algebraic 
summation of the opposite effects which result from treatment of both zones in each 
lead will tend to approximate zero. The T-wave in both VF and \T. would, there- 
fore, tend to remain unaltered, and as a result T-HI will remain unchanged. Al- 
though T-in remains essentially unchanged following alteration in the rate of repolar- 
ization of the anterior left ventricle, the T-wave in lead I shows marked change 
because the region treated consists chiefly of a portion of the distal zone of lead VR 

(fig- 15)- 


SUMJIARY AND CONCLUSIONS 

The present study of the nature of lead III by analysis of simultaneously 
recorded ‘unipolar’ extremity leads VF and VL permits the following conclusions: 

I. The five possible combinations of potentials at the left forelimb and the left 
hindlimb that could account theoretically for upward movement of the beam in lead 
III and the five possible combinations of potentials at these extremities that could 
account theorctiailly for downward movement of the beam in this lead have been 
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shown to exist experimentally and each combination can be related to the depolariza- 
tion of a specific ventricular region. 

2. It is only when the site of proponderant depolarization lies within the left 
apex and/or the posterior left ventricle tliat downward deflection of the beam occurs 
in lead III since only depolarization of these segments results in the development of 
potentials at the left forelimb which are positive relative to those developed at the 
left hindlimb. If a portion of this region is activated in advance of the anterior right 
ventricle, the first deflection of the beam will be downward, inscribing a Q-wave in 
this lead. Later excitation of this region will again result in downward deflection of 
the beam inscribing the dovmstroke of tlie R- and S-waves in this lead. 

3. It is only when the site of preponderant depolarization lies within the anterior 
right ventricle and the upper tliird of the anterior left ventricle that upward deflection 
of the beam occurs in lead III since only depolarization in these regions gives rise to 
potentials at the left forelimb which are negative relative to those developed at the 
left hindlimb. Early activation of these regions will result in upward deflection of 
the beam inscribing the upstroke of the Q- and R-waves in this lead. If a portion of 
these regions is the last site to become depolarized, the beam will again be deflected 
upwards, inscribing the upstroke of the S-wave. 

4. No deflections of the beam take place in lead III when the major portion of 
the posterior right ventricle and the mid-third of the anterior left ventricle become 
depolarized because such depolarization fails to result in the development of any 
difference in potential between the left forelimb and the left hindlimb. 

5. An isopotential ST-segment in lead III can occur when any of the following 
conditions exist: a) no current of injury is present; h) injury is present in the mid- 
third of the posterior right ventricle and/or the mid-third of the anterior left ventricle 
or injury involves the entire anterior left ventricle; c) repolarization has not yet 
begun in the anterior right and posterior left ventricles; d) the anterior right and 
posterior left ventricles are repolarizing at the same rate, thus producing potentials 
at the left fore- and hindlimbs of the same magnitude but of opposite electrical sign 
so that the net potential at each of these extremities is zero. 

6. More specific localization of injury to the heart is possible from study of ST- 
segment displacements in leads VF and VL than from a study of ST-segment dis- 
placement in lead III alone. ST-segment elevation in lead III localizes the injury 
only to the general region of the left apex or lower two thirds of the posterior left 
ventricle, while the ST-segment displacements in leads VF and VL help localize the 
injury to more specific parts of these regions. ST-segment depression in lead III 
localizes injury only to the general region of the anterior right ventricle, while the 
displacements of the ST-segments in leads VF and VL help localize the injury to more 
specific parts of this region. 

7. When the anterior right ventricle repolarizes in advance of the posterior left 
ventricle, the T-wave is inverted in lead III because of the development of initial 
relative positivity at the left forelimb. Conversely, when the posterior left ventricle 
and left apex repolarize in advance of the anterior right ventricle, the T-wave in lead 
ITT is upright because of the development of initial relative negativity at the left 
forelimb. The repolarization of the posterior right ventricle and the anterior left 
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ventricle contributes little or nothing to the configuration of the T-'U'ave in lead III 
because the repolarization of each of these areas tends to produce simultaneous 
potentials of the same electrical sign and magnitude at the left fore- and hindlimbs. 

These conclusions as to the derivation of lead III in the dog correspond closel}’- 
v/ith the findings of Hoff, Nahum, and Kaufman (2-5) on the nature of the various 
components of the ventricular complex in this lead. These authors described lead 
m as the algebraic summation of potentials derived mainly from the depolarization 
of the anterior right and posterior left ventricles. They found that depolarization 
of the anterior left and posterior right ventricles was not represented in lead III. 
The present study has more exactly delimited the electrically active as well as the 
electrically neutral areas for lead III, and has established the basis for the presence 
.or absence of electrical representation of the various regions of the heart in lead III. 
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RELATIVE DISTRIBUTION OF CARDDVC OUTPUT 
IN ACUTE HYPOXEMLV 


M. FELDMAN, JR., S. RODBARD and L. N. KAl'Z 
From (he Cardiovascular Department,- ^[cdical Research InslUulc, Michael Reese Hospital 

ailCAGO, ILLINOIS 

T he induction of acute hj'poxemia produces a rapid sequence of cardiovascu- 
lar changes Avhich follow a fairly uniform pattern. It has been shown that 
tlie oirdiac output and the blood pressure are increased in hj’^poxemia (1-4). 
However little information is available on the moment to moment alterations in tlie 
circulation of blood during the induction of acute hypoxemia and its readjustment 
following recover}' from the h3'po.\'emic state. Likewise, few data are available on 
the possible changes in the diflcrential distribution of blood flow during the acute 
h3'poxemic and post-h3'poxemic periods. Such data would be valuable in interpret- 
ing the hemod3mamic changes which occur. In the present stud}' we have attempted 
to estimate the changes in cardiac output during the \'arious phases of h}'po.vemia and 
reox}'genation, and to some extent to determine the relative distribution of the blood 
flow between the upper and lower parts of the bod}'. This was done by estimating 
cardiac output on the basis of blood flow through the superior or inferior vena cava . 

aCETHODS 

Blood flow was measured in the inferior or superior vena cava witli a modified 
Ludwig stromuhr in vagotomized, heparinized, open-chested dogs, anesthetized with 
sodium pentobarbital (25 mg/kilo). Flow was determined by the time required for 
the displacement of 40 cc. volumes in the stromuhr, which required three seconds to 
‘infinity’ (no perceptible flow). The blood flow in the superior vena cava was meas- 
ured in 7 dogs in 38 periods of hypoxemia and recovery and the flow in the inferior 
vena cava in 6 dogs in 40 periods. Artificial respiration in open-chested animals 
assured a controlled respiration throughout the experiment without the interv'ention 
of factors related to respiratory failure. 

Acute hypoxemia was produced for periods of 2 to sh minutes by the substitu- 
tion of 100 per cent nitrogen for air breathing; rcoxygenation was accomplished by 
returning the animal to air breathing. Serial readings of the blood flow were taken 
during a control period and repeated each 15 to 30 seconds during the period of 
hypoxemia and reoxygenation. Mean femoral blood pressures were recorded with 
a mercury manometer on an ink writing kymograph. The circulation time was 
estimated in 10 trials on 5 dogs using the acetylcholine method of Wilburne el al. (6). 
This technique measures the time required for circulation of blood from the site of 
injection to the nodal tissue of the heart, as indicated by a blocked beat. 

Received for publication July 2, 1948. 
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RESULTS 

The changes observed in the hypoxemic and post-hypoxemic periods are illus- 
trated in figure i by a graph of typical data obtained in a series of experiments in 2 
dogs in which the conditions of anesthesia and blood pressure were similar. Data 
on the experiments are given in tables i and 2. 

I. Ejffecl of acute hypoxemia. The induction of severe progressive hypoxemia 
almost always produced a rise in blood pressure ranging from 9 to 44 mm. Hg, which 
usually began about 30 seconds after the onset of nitrogen breathing. The pressure 
then leveled off and began to fall rapidly to shock levels. During the first two 
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Fig. 1. The above graph represents the average data obtained during 14 acute hypoxemic 
and rcoxj’genation periods in 2 dogs in which conditions of anesthesia and blood pressure were similar. 
The mean femoral blood pressure shown above is that of the dog in which the superior vena cava flow 
was measured. The blood pressure changes of the other dog were similar to those shown above. 


minutes of the hypoxemic pressor phase a marked acceleration of blood flow up to 
double the control value was observed in the superior vena cava (fig. i, table 2). 

On the other hand the flow in the inferior vena cava showed only a slight or 
moderate increase in flow during the early part of this period. Within approximately 
75 seconds after the onset of the hypoxemic period, the flow through the inferior 
vena cava diminished suddenly and markedly although the blood pressure was still 
above control values. Thirty seconds later no perceptible flow was measurable in 
this circuit. At this time of markedly diminished flow in the inferior vena oava, 
the flow through the superior vena cava was usually at or above control values and 
the blood pressure averaged 87 mm. Hg compared to 93 mm. Hg for the average control 
value (fig. T, table i). 

The superior vena cava flow usually (24 of 38 trials) continued at or above the 
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control flow rates after the blood pressure had fallen below its control level. As the 
hj^poxemia continued, both the blood pressure and superior vena cava flow fell pro- 
gressively in all instances. In 19 trials the superior vena cava flow stopped almost 
completely during tlie late depressor phase of acute hypoxemia, when the blood pres- 
sure had fallen to an average of 40 mm Hg. 

Table i. Flow in the inferior vena cava 


DOG NO. 


TIME 

WC 1 

IVC 2 

IVC 3 

I\'C4 

IVCs 

IVC 6 


BP 1 

Flow 

BP 

Flow 

BP 

Flow 

BP 

Flow 

BP 



Flow 


I 

mtn. Ug i 

ec/min. 

mm. Ug 

cc/min. 

mm. Hg 

ccfmin. 

mm. Hg 

cc/min. 

mm. Hg 

ccl 

min. 



-5 

77 

14.8 

lOI 

8.7 

75 

7.0 

108 

7-4 

94 

7.0 

94 

6.6 

Nitrogen 













0 

79 

14-3 

los 

8.7 

75 

6.7 

III 

7-4 

95 

6.7 

93 

6.1 

IS 

84 

15-3 

123 

9-5 

75 

7-4 

I14 

7-5 

95 

6.5 

99 

7-1 

30 

94 

16.6 

147 

6.2 

79 

7.6 

130 

8.0 

lOI 

7.8 

103 

7.6 

45 

105 

17.4 

131 

4.2 

85 

6.7 

135 

7.0 

125 

9.9 



60 

119 

ig.o 

98 

1-3 

96 

6.0 

141 

6.6 

136 

7-1 

109 

7.6 

75 

X20 

17-4 

103 1 

0.4 

95 

6. 1 

146 

5-9 

108 

1-5 

105 


90 

108 

9.8 

air 

air 

105 

5-0 

125 

2.7 

air 

air 

99 


105 

84 

4-3 



98 

1.9 





90 


120 

64 

0-5 



83 

1 .1 

98 

0.7 



74 


Air 




1 









15 

53 1 

2.8 

124 

6.3 

87 

3-6 

88 

3-4 

89 

0.7 

90 


30 









98 

5-2 

144 


45 





151 

9-3 

129 

5-2 





60 ' 

75 

127 

22.2 

115 

10. 0 

i 6 s 

9-3 

156 

lO 

99 

7-3 

169 


90 

II 2 

28.8 



134 

8.7 

140 

10 

98 

8.5 

160 

10 

120 

93 

25.2 



107 

8.3 

124 

10.3 

99 

8.7 

139 

8.2 

150 

90 

21.0 



90 

7-4 

122 

lO 

98 

8.5 

127 

7-7 

180 

86 

20.2 





117 

9-5 

96 

7.8 

115 

8.0 

240 

77 

16.7 

i 

96 

8.0 

77 

7-1 

108 

8.0 

89 

7-3 

96 

7-4 


0 seconds represents the onset of nitrogen breathing. Air indicates the time of cessation of ni- 
trogen and the return to air breathing. The data represent average results of several observations 
on each dog. 


When acetylcholine was injected into the femoral vein during the late depressor 
phase of hypoxemia the average circulation time was greatly increased, averaging 79 
seconds in 10 trials as compared to control values averaging ii seconds. However, 
this long delay in circulation time was not apparent when the acetylchohne was in- 
jected into the heart or into the superior vena cava instead of the femoral vein. The 
marked slowing of circulation rate in the inferior vena cava and not in the superior 
vena cava during the depressor phase of acute hypoxemia is in accord with our results 
obtained with the stromuhr. Direct observation of the heart revealed marked cardiac 
dilatation, occasional arrhythmias, and slowing during the later stages of the depres- 
sor phase of hypoxemia. 
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2. Ejfecl of reoxygenation. With the resumption of air breathing a sudden 
marked increase in flow through both vena cavae was noted and this was followed 
almost at once by a rise in blood pressure. In most instances a marked increase in 
flow was observed even before the blood pressure had risen significantly. Later dur- 
ing this reoxygenation period the blood pressure often reached levels much higher 

Table 2. Flow in the superior vena cava 


DOG. NO. 


TIME 

SVC I 

SVC 2 

SVC 3 

SVC 4 

SVC 5 

SVC 6 

SVC 7 


BP 

Flow 

BP 

Flow 

BP 

Flow 

BP 

Flow 

BP 

Flow 

BP 

j Flow 

BP 

Flow 


mvi. 

cef 

mm. 

cej 

mm. 

cd 

mm. 

tej 

mm. 

cef 

mm. 

cc! 

mm. 

cc/ 


ih 

min. 

Us 

min. 

Jh 

min. 

ns 

min. 

ns 

min» 

ns 

min. 

ns 

min. 

"■5 

82 

8.8 

II 2 

8.0 

88 

7 -£> 

So 

5-7 


3-7 

88 

4 .C 

' 

7-7 

Nitrogen 








■ 







0 

82 

8.8 

108 

8.8 

84 

6.6 

82 

B 


3-6 

88 

3-8 

102 

7-7 

15 



109 

8.C 

87 

6.3 



67 

4-4 

88 

3.4 

104 

7.7 

.to 

83 

10,0 

no 

10. 0 



117 

6.6 

78 

5-0 



109 

8.3 

45 

85 

12,2 



95 

9-7 



74 

5 • 7 

II6 

7.3 

108 

8.7 

60 

90 

13-2 

XI 2 

10. 0 

98 

10. 0 

106 

2.7 

86 

6.8 

118 

10. 0 

no 

9-3 

«>• p> 

/D 

91 

16.0 

113 

13-3 

102 

10.8 



103 

10. 0 

118 

16.0 



90 

75 

II .0 

loS 

13-3 

98 

II. 4 

55 

0.9 

88 

8.0 

lOI 

13-3 

117 

10.3 

los 

52 

6.9 


13-3 

83 

9-9 



87 

8.0 

89 

13-3 

118 

II. 4 

120 

40 

2.7 

82 

11.4 

<>3 

5-3 

air 

air 

72 

4.0 

70 

II. 4 

112 

12.5 

13s 

35 

I . I 

68 

8.0 





42 

1-3 

60 

8.0 

106 

12.9 

150 

air 

air 

51 

5-0 

44 

2.6 



43 

0 

51 

7-3 

88 

9.3 

165 



28 

0 

42 

2.5 



air 

air 

47 

5-7 

78 

6-3 

180 



air 

air 

39 

1-7 





48 

5-0 

67 

4.4 

195 





air 

air 





50 

4.4 

39 

2 . 2 

210 











air 

air 

33 

0.9 

Air 















15 





67 

4-4 





58 

6.6 

45 

3 -f' 

30 







88 

5*7 







45 





120 

n .4 





no 

10. 0 

Si 

10. 0 

60 

73 

12.5 

45 

10. 0 



I 

{ 


i 




123 

11.7 

75 



no 

13-3 



1 

j 


47 i 

4.0 

118 

7-3 



90 

lor 

14-3 

140 

10. 0 

99 

8.3 

72 j 

7-3 

! 




105 

7-0 

120 



170 

13-3 



1 


83 1 

5-0 

121 

7-3 

96 

7-0 

240 

77 

8.4 

120 

8.0 


7 -. 

1 

I 

5-7 

60 1 

3.8 


5*7 

1 

1 

6.6 


•Sec footnote to table i. 


than in the carl}’- hypoxemic phase. The pressor effect was soon dissipated and the 
blood pressure and blood flow through both vena cavae returned to control lev'cls 
approximately four minutes after resumption of air breathing. 

DISCUSSION' 

These rcsitlts suggest that the first effect of hypoxemia v/as to produce an increase 
in the rale of return blood flow to the heart and thus an increase in the cardiac out- 
put. This was accompanied by a rise in blood pressure. Tiie augmented blood flow 
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would act to increase the perfusion of the tissues and would normally compensate 
for the hypoxemia. As the hypoxemia continued, the flow in the inferior vena cava 
began to fall and was markedly reduced even tliough the blood pressure and superior 
vena cava flow were still above control values. It is apparent that at this time, a 
preferential redistribution of blood to the vital head region occurs. Continuance of 
the hypoxemia results in a fall in the superior vena cava flow as well as in the inferior 
vena cava flow, and this is furthered by progressive cardiac failure. 

It is possible that our mode of flow measurement does not give an entirely satis- 
factory picture of the cardiac output, since we are measuring the venous return to 
the heart exclusive of the azygos flow and the important coronary flow. The poohng 
of blood in the peripherj'^ as a result of vasodilatation would unquestionabl}'’ introduce 
deviations which we could not deterrhine with our teclinique. Nevertheless our 
technique does offer an index of tire cardiac output which appears to be in accord 
with our findings on the changes in circulation time during hypoxia. The flow of 
blood through the coronary circuit which we could not measure, appears to play an 
important role in the mechanism of recovery. 

With reoxygenation the blood flow increases almost at once and this is quickly 
followed by a marked rise in arterial pressure. These changes are made possible by 
rapid recovery of the heart as the result of an adequate oxygen supply, as well as 
by vasoconstriction in the periphery. At this time endogenous pressor materials 
produced during the hypoxemic period probably contribute to the blood pressure 
rise (6). * 

Our experiments suggest that some of the blood pressure effects seen in acute 
hypoxemia and in the reoxygenation phase are related to the marked changes in 
cardiac output. These output changes are due most likely to vasodilating effects 
induced by tissue hypoxia upon the peripheral vessels. As a consequence a redistri- 
bution of the circulating blood flow occurs. There can be httle doubt that central 
nervous mechanisms as well as humoral factors contribute to these effects. Our 
results are in accord with other findings that the cardiac output is a function of the 
tissue oxygen requirements and that when tissue hypoxia exists the cardiac output 
will rise as a compensatory mechanism. 'When the lack of oxygen becomes extreme 
the heart and central ner^mus system begin to weaken and the cardiac output 
falls probably because of heart failure. With resaturation of the blood and tissues 
with oxygen, the chain of events is reversed and cardiac output rapidly returns to 
its basal level with a transitory overswing. 

With our technique we have been able to perfuse tissues with hypoxemic blood 
without a concomitant hypercapnia. Consequently, the large changes in blood flow 
occurring under these conditions are not explained by alterations in CO 2 content. 
Reoxygenation of the blood results in an increased flow similar to that seen in local 
reactive hyperemia first described by Lewis (7). Thus it would appear that a large 
part of the stimulus for this reactive hyperemia throughout the body must be due 
directly to oxygen lack and not entirely to the production during the hypoxemic 
period of other easily diffusible substances which can be lost in the lungs or quickly 
disposed of by the liver. 

This is indicated by the remarkably rapid recovery of the severely hypoxemic 
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heart upon resumption of air breathing. During the late phases of the hypoxemic 
period, the cardiac output as measured by the flow in both venae cavae was extremely 
low. The heart could be seen to be dilated and beating feebly. Nevertheless, 
within a few seconds after the reestablishment of air breathing the heart was seen to 
beat vigorously again, cardiac output markedly improved and the blood pressure 
rose rapidly. The fact that oxygenated blood from the lungs is able to reach the 
coronary circulation so rapidly and in sufficient amounts to effect such a rapid re- 
covery, indicates that some residual flow must have been continuing through the 
heart-lung-coronary circulation. Such blood would include that being returned 
through the coronary vessels and perhaps some via the azygous veins. The flowmeter 
offers some resistance to flow and if only a small amount of blood were being pumped 
by the heart this blood could easily bypass the flowmeter and pass through non- 
cannulated parallel circuits which offer less resistance. 

SXBIMARY 

The return of blood flow to the heart through the superior or the inferior vena 
cava was measured in 13 dogs subjected to acute hypoxia produced by nitrogen 
breathing. With the onset of acute hypoxemia the blood flow and pressure increased. 
After about 75 seconds the flow through the inferior vena cava fell rapidly to nearly 
zero levels although the superior vena cava flow remained above normal. As the 
hypoxemia progressed, the superior vena cava flow also diminished. At this time 
the blood pressure was low and the heart was seen to be dilated and beating slowly. 
Reoxygenation resulted in an immediate recovery of cardiac function of blood flow 
in both circuits and of the blood pressure which returned to the previous control 
levels within a few minutes with a temporary overswing. 

The mechanisms of some of -the hemodynamic changes occurring during the 
induction of and recovery from acute hj'poxemia are discussed. 
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NATURE OF THE TWO PRESSOR RESPONSES TO ACUTE 
HYPOXEMIA WITH SOME OBSERVATIONS ON THE 
ROLE OF THE ADRENALS IN HYPOXIA^ 

A. VAN LOOS A. SURTSHIN^ and L. N. KATZ 
Fro7n the Cardiovascular Deparhnent^, Medical Research Institute, Michael Reese Hospital 

CHICAGO, ILLINOIS 

W E HAVE described, in detail, the responses of the blood pressure and 
heart rate to acute severe hypoxemia (i). During such a hypoxemia, 
produced in open-chested dogs by breathing pure nitrogen, the rise in 
pressure (h3rpoxemic pressor phase) is followed by a fall (hypoxemic depressor phase). 
The depressor phase is progressive ending in death if nitrogen breathing is main- 
tained. However, when air is substituted for nitrogen, a second pressor effect 
(post-hypoxemic pressor phase) is seen which is frequently greater in magnitude 
than the primary pressor effect. 

We have shown that there is a relationship between the height of the post- 
hypoxemic rise and the duration of the hypoxemic depressor phase. This relation- 
ship suggests that, during the depressor phase, substances were elaborated which 
could not exert their pressor effect or be quickly destroyed in the absence of oxygen. 
With reoxygenation, the pressor action of these substances becomes manifest. This 
concept was strengthened by our finding that injected epinephrine acts similarly, 
with no pressor effect during the late hypoxemic depressor phase and a pressor action 
as soon as air breathing is resumed. This led us to conclude that the pressor material 
liberated during the hypoxemic phase was epinephrine-like in action. The nature 
of the hypoxemic pressor phase was not indicated by our experiments. The present 
study was undertaken to test these concepts and to define the role of the adrenal 
gland in these pressor response to acute hypoxemia. 

METHODS 

Eighty-three experiments were performed upon 12 open-chested vagotomized 
dogs, anesthetized with pentobarbital sodium (25 mg/kg.). The thorax was opened 
in the fifth or sixth intercostal space, the adjacent ribs were maintained widely re- 
tracted and the thin mediastinal septum was destroyed. Hypoxemia was produced 
by replacing the respired air with nitrogen (i). 

Six of the 12 animals were adrenalectomized and the other 6 were prepared by a 
modification of the technique described by Bouckaert and Van Loo (2). Our 
technique involves elimination of the right adrenal gland from the circulation by 
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ligature and the isolation of the venous drainage from the intact inner\'-ated left 
adrenal gland. All veins tributary to the left adrenal gland drainage were tied off, 
leaving undisturbed only the two major venous trunks, the adreno-caval and the 
lumbo-adrenal veins. The former was maintained intact, being cleared from the 
surrounding tissue so that it could be clamped as desired. The lumbo-adrenal vein 
was cannulated a short distance below the point where it entered the capsule of the 
. adrenal gland, with the cannula opening toward the hilus. The cannula was kept 
open by means of a slow saline drip under constant pressure. During this time, the 
venous output of the left adrenal gland drained, via the adreno-caval vein, into the 
inferior vena cava and thus was in the circulation of the animal. When it was 
desired to eliminate the effects of the adrenal from the experiment, the adreno-caval 
vein was clamped and gentle suction was applied by means of a syringe attached to 
the cannula via a three-way stopcock and the experiment was repeated. In this 
way the entire venous outflow from the left adrenal gland could be collected and 
measured, while the responses of the animal with the adrenal out of the circulation 
were being recorded. To test the pressor effect of the blood so collected upon the 
same animal, the clamp on the adreno-caval vein was removed and the collected 
blood was reinjected within about 10 secs. Blood pressures were recorded continu- 
ously upon a kjTnograph with a mercury manometer. 

RESULTS 

1. Hypoxemic Pressor Phase. The pressor response during the hypoxemic 
period is usually definitely reduced by the diversion of adrenal blood from the circula- 
tion. This is clearly illustrated in figure i. \Adiile this relationship does not appear 
in ever^’- instance and at times tlie responses are similar with the gland in and out of 
the circulation, it is revealed by a comparison of the averages of the absolute rises 
in pressure seen in two types of experiments. These figures, given in table i, show 
that on the average the absolute level attained is only slightly higher when tlie 
adrenal secretion participates in the response. Thus the average response in the 
intact animal was a rise of 33 mm. Hg, while the average response in the animal with 
the adrenal out of the circulation was 27 mm. Hg. Experiments with the adrenal 
in and out of the circulation were conducted alternatively to compensate for changes 
in the control blood pressure level and general condition of the dog as the experiment 
proceeded. The time at which the hypoxemic peak was attained was the same in 
both instances. 

2. Changes Occurring After the Rehislitnlion of Air Breathing. We iiave com- 
pared the post-hypoxemic pressure maxima obtained in e.xperimcnls in which the 
adrenal venous drainage was alternatively permitted to flow into the systemic blood 
stream and, on the next trial, diverted into a syringe. As can be seen from a tyjjical 
experiment in figure r, there is a marked difference in the post-hypoxemic maxima 
obtained under these two conditions. In figure lA, it will be seen that when the 
adrenal was participating, the resumption of air breathing was followed by a pressure 
increase of 54 mm. Hg aljo^'C the reference level. In figure iB, the experiment was 
repeated with the adrenal drainage diverted from the circulation and being collected 
in a syringe. Following resumption of air breathing in this case the pressure returned 
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to approximately the reference level. After the pressure had leveled off close to the 
control blood pressure level, tlie collected blood was reinjected into the blood stream, 
A second rise was thus produced with the blood pressure level now reaching an aver- 


wntRttu 

pressure 

MM.HS 
200 ^ — 


A 



ASTtmSl. 




Fig. I. Blood pressure in femoral artery. Time in is-sec. intervals. N indicates time of 
onset of nitrogen breathing and A, onset of reinstitution of air-breathing. Segments A and B are 
from dog i; C and D from dog 3. Segments A and C serve as controls; the adrenal blood is drainmg 
into the systemic circulation. In segments B and D, the adrenal venous blood is diverted from the 
circulation beginning with the onset of nitrogen breathing and is reinjected into the systemic circula- 
tion at R. Discussed in text. 


Table i. Arterial pressure response during nitrogen breathing 


DOG NO. 

ADRENAL GLAND IN CIRCULATION 

ADRENAL GLAND NOT IN CIRCULATION 

No. of exper. 

Av. max. 
blood pressure 
level 

Av. blood 
pressure rise 
above refer- 
ence level 

No. of e.xper. 

Av. max. 
blood pressure 
level 

Av. blood 
pressure rise 
above refer- 
ence level 



vwi. Hg 

mm. Hg 


mm. Hg 

mm. Hg 

I 

6 

120 

25 

4 

III 

II 

2 

II 

89 

27 

7 

77 

34 

3 

2 

127 

29 

2 

104 

16 

4 

4 

126 

30 

4 

1 14 

23 

5 

2 

135 

48 

2 

115 

32 

6 

5 

130 

54 

5 

1 14 

39 


age of 54 mm. Hg above the reference level. Thus, the role of the adrenal secretion 
in the production of the post-hypoxemic rise is clearly portrayed. 

Data in table 2 compare the rise in arterial pressure seen in other alternate 
experiments with the adrenal gland in and out of the circulation. Elimination of 
the adrenal gland from the circulation is seen to result in a markedly diminished rise 
in the arterial pressure after the reinstitution of air breathing. Thus the average 
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Table 2. Arterial pressure response on resuiong air breatiung eollowing, nitrogen 

BREATIUNG 


DOG NO. 

Ns BREATHING 

ADRENAL IN CIRCULATION 

ADRENAL OUT OF CIRCULATION 

Control blood 
pressure 

Rise above 
reference level 

Control blood 
pressure 

Rise above 
reference level 

Pressor activity 
of blood 


see. 

mm. Ilg 

mm. Ug 

mm. Ilg 

mm. Ilg 

mm. Ilg 

I 

80 

104 

12 

98 

0 

— 


75 

104 

12 

104 

— 12 

20 


90 

90 

54 

88 

+ 2 

52 


90 

72 

64 

88 

0 

38 

2 

15s 

70 

70 

48 

54 

SO 


rSS 

56 

30 

44 

30 

32 


205 

S6 

44 

50 

46 

44 


205 

36 

73 

36 

18 

22 


240 

42 

50 

42 

22 

12 

3 

120 

1 14 

98 

98 

46 

43 


130 

82 

88 

80 

S8 

48 

4 

ISO 

92 

86 

92 

24 

48 


120 

112 

16 

98 

6 

32 


120 

94 

20 

92 

20 

28 


120 

84 

38 

84 

24 

16 

s 

180 

80 

1 14 

62 

60 

66 


180 

94 

58 

94 

42 

46 

6, 

120 

92 

no 

74 

42 

42 


120 

80 

42 

80 

— 12 

30 


120 

74 

2 

78 

— 16 

20 


120 

06 

-6 

72 

-16 

32 


120 

70 

“I6 

72 

-28 

12 


Table 3. Relation of duration of hypoxemic period to blood pressure response in a 

TYPICAL BILATERALLY ADRENAIRCTOMIZED DOG 


rr.R. or Kt 

DRKATIIINC 

CONTROL BLOOD 
FRESSURE 

inTOXEMIC PEAK 

nYTOXEUIC EISE' 

POST-nYTOXEMIC 

PEAK 

rosT-iiypoxEMic 

rise! 

see. 

mm. Ilg 

mm. Ilg 

mm. Ilg 

mm. Ilg 

mm. Ilg 

90 

82 

104 

22 

70 

— 12 

120 

102 

II6 

14 

88 

14 

ISO 

84 

104 

20 

126 

42 

180 

80 

104 

18 

144 

S8 

210 

84 

106 

22 

158 

74 

240 

78 

102 

24 

158 

80 

300-* 

70 

102 

32 

78 

8 


’ Al>ovc the reference level. ’ Tins trial was followed hy death of the animal. 


re?jK>n?c in the intact animal v/as a rise of 46 mm. Hg, while in the animal with the 
rsflrenals out of the circulation the rise is only 23 mm, Hg. The reinjection of the 
coilectetl blood caused an average rise of 33 mm. Hg, more than enough to account 
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for the deficit in the physiologically adrenalectomized animal. However, that extra- 
adrenal factors may also operate by themselves to produce a post-hypoxemic rise 
above the reference level is shown in table 3, 

The 6 animals which were bilaterally adrenalectomized were subjected to 
vaiydng periods of nitrogen breathing. The responses of the arterial pressure in the 
hypoxemic and post-hypoxemic periods in a representative example are tabulated in 
table 3. It will be seen that both the absolute level of the post-hypoxemic rise and 
the rise as measured from the reference level appear to be related directly to the 
duration of the hypoxemic period. 

3. Pressor Activity of the Blood Collected During Hypoxemia. After the post- 
hypoxemic peak due to extra-adrenal mechanisms was recorded, we determined the 
pressor activity of the blood which had been collected during the hypoxemic period. 
This was done in two ways in different experiments: a) the blood was reinjected into 
the animal immediately after the initial post-hypoxemic peak was reached and the 
response noted (fig. iB) and b) the blood was reinjected at a later period as the blood 
pressure reached the control levels (fig. iD). Data on pressor activity are given in 
table 2. The correspondence between tlie average absolute pressures attained during 
the post-hypoxemic phase when the adrenal gland was in the circulation, and the 
average totals obtained by adding the pressor activity of the blood to the extra- 
adrenal post-hypoxemic peaks is apparent. 

In order to ascertain when the greatest amount of pressor activity appeared in 
the blood of the adrenal drainage, during the period of hypoxemia, the blood in 10 
experiments was collected in several samples, each of which was later separately 
tested for its pressor activity. The rate of blood flow from the adrenal in cc/min. 
was also noted in order that some conclusions regarding the concentration of pressor 
material might be drawn. Our results show clearly that, during the period when the 
systemic pressure is elevated, there is a definite increase in venous drainage from the 
adrenal gland. Values for adrenal flow during control periods ranged from 1.5 to 
4 cc/min. During the elevation of blood pressure in the hypoxemic phase the 
measured flow increased from 50 to 100 per cent. It was also clear that while the 
volume of the blood collected during the hypoxemic pressor phase was much greater 
than that obtained during the hypoxemic depressor phase, the pressor activity of 
the former blood was markedly less than that of the smaller volume obtained during 
the later depressor stages of nitrogen breathing. For example, during a typical 
experiment in which nitrogen breathing was continued for four minutes, three blood 
samples were collected. The first, containing 7.5 cc., was collected during the first 
2 minutes (hypoxemic pressor phase), the second, containing 3.5 cc., during the next 
i| minutes (hypoxemic depressor phase) and the third, containing 2 cc., was ob- 
tained during the 50 seconds following the reinstitution of air breathing while the 
arterial pressure was at its lowest point during the experiment (the blood drainage 
from the adrenal gland at this time being still markedly hypoxemic as indicated by 
its color). When these samples were reinjected into the animal at approximately 
control blood pressure levels, the first sample produced a rise of 2 mm. Hg, the second, 
a rise of 14 mm. Hg and the third and smallest sample, a rise of 22 mm. Hg. Thus 
it is clear that the greatest production of pressor material by the adrenal gland occurs 
during the later stages of hypoxemia while the blood pressure is falling. It also 
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appears that adrenal drainage collected during the h5TD0xemic pressor phase shows 
no greater pressor activity than blood collected durmg control periods of air breathing. 

In order to obtain further information regarding the pressor activity of adrenal 
drainage and its relation to adrenal flow and systemic arterial pressure, we collected 
the adrenal outflow in sue experiments during a period of marked elevation of the 
arterial pressure produced by intravenous injection of 0.2 mg. epinephrine while the 
animal continued to breathe air. During a representative experiment, the pressure 
rose from a level of 40 mm. Hg to a level of 184 mm. Hg. The adrenal blood collected 
during the 265 seconds after injection of epinephrine totaled 14 cc. I\Tien reinjected 
into the animal after its return to control pressure levels, this blood produced a rise 


Ta 13 LE 4 . Pressor activity or adrenal \t;nous dr,ukage during air BREATinNG and cn,\NGEs 
IN SYSTEIUC /VRTERIAL PRESSURE DLTUNG COLLECTING PERIOD 
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of 2 mm, 11 ". Oillection of adrenal blood for an equal period of time, in this animal, 
fjefore cpincplirir.e was given yielded a volume of G cc. which produced a rise of 10 
mm. Hg, Ji appwir? from tiiese results that there is a decrease of pressor activity 
uuriv!" tin: lime of epinc-pliri.ae action as compared with the controls, but apparently 
no prinuity rel.ttinn between th.e pressor activity of adrenal drainage and its volume. 

4- i‘rr:i -*r of //;-• AdrayU Venous Drainage During Control Fcriails of 

.In' /if/* IsI jvI v.vis i-oltecied from the adrenal gland in 14 experiments for 

■varyirv p-r;:,;; <4' tim»- e.fitr the: blood pressure had berome stabilized and while 
t..v wo K -.r.-;: qmetly durirur air breailnn". In e;u;h of 6 animals there was 

■■ h:;*. '-.vr.dy avt ragi.-g 14 rnni. Jig svhile t'nc adrenal, blood was being 

■ ■'. ir.;. At "Ao- i-a;- Iw.’on of the ro'.h-rtion jK-rhyl, this blo'Ki was reinjected into 
ri-.r .■■.ror/A', U: of t;:«' G anirn,'.?'- then- v.ms a slow, but stvN'.dv frd! in svsternic 
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arterial pressure while adrenal blood was being collected. In each instance, rein- 
jection caused a rise of arterial pressure to a level closely approximating that existing 
at the beginning of the collection period. Data on this point are given in table 4. 

DISCUSSION 

It has been known for some time than an animal made acutely hypoxemic will 
respond with a rise in the arterial pressure which, with continuing hypoxemia, then 
falls until the animal succumbs. If air breatliing is reinstituted after h}’poxemia, a 
post-hypoxemic rise in pressure is produced which often exceeds that of the hypoxemic 
elevation. The adrenal gland, tlie heart and the sympathetic system have been 
implicated in these responses. Iva)'-a and Starling (3) maintained that the post- 
hypoxemic pressure augmentation resulted from an increase in contractile power of 
the heart caused by oxygen. Mathison (4) mentions an effect of oxygen upon tlie 
vasomotor center. Other authors (5) have maintained that tliere is a post-hypoxemic 
excitation of tlie sjmipathetic ner\mus system. Stavraky (6) has reported that 
adrenalectomized animals on optimal ventilation show a hypoxemic rise with nitro- 
gen breathing and also a prominent post-hypoxemic rise after oxygen breathing is 
resumed. As we have commented previously (i) there has been no reported quanti- 
tation of tlie role of the adrenal gland in these changes as compared with adequate 
controls in the same animal. On the basis of a relationship demonstrated between 
the hypoxemic depressor phase and the height of tlie post-hypoxemic rise, it was 
presumed that an epinephrine-like pressor material was liberated during acute 
hypoxemia (i). This concept is in agreement with other reported evidence (10). 
It was also demonstrated that epinephrine injected intravenously, during the de- 
pressor phase of acute hypoxemia, produced little or no pressor response. The data 
we have presented in this report demonstrate that the adrenal gland plays only a 
minor role in the production of the rise in arterial pressure during the phase of nitro- 
gen breathing. Its role, however, in the production of the post-hjqioxemic rise, 
while variable, is a major one. It is clear that the extra-adrenal factors, probably 
involving the sympathetics, are in themselves capable of producing a post-hypoxemic 
rise which may go above the level of the control pressure, but in the absence of the 
venous drainage from the adrenal gland, the post-hypoxemic rise is considerably 
diminished. However, even in its diminished form, the magnitude of the post- 
hypoxemic rise resulting from extra-adrenal factors is itself a function of the duration 
of the hypoxemic period. These data confirm our previous conclusions that in the 
absence of oxygen the pressor material liberated in the body during hypoxemia is 
powerless to act. Only as oxygen again reaches the tissues is its pressor effect re- 
vealed. 

Our data also demonstrate that the greatest production of pressor material by 
the adrenal gland occurs in late hypoxemia when the blood pressure is falling. It is 
not significantly increased during the period of the hypoxemic rise (10). Since we 
found that the withdrawal of adrenal drainage in air-breathing leads to a drop in 
blood pressure, the differences seen in the h3q)oxemic rises with the adrenal in and 
out of the circulation, may be due, at least partially, to the same loss (compare table 
I with table 4). The rate of flow of adrenal venous drainage maintains a direct 
relationship to the level of the arterial pressure, but there is no relationship of the 
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pressor actmty of the collected blood to the rate of flow (10). In fact, it appears 
that while the rate of venous drainage from the adrenal gland is high during a period 
of elevation of the systemic blood pressure caused by the injection of epinephrine 
during air breathing, the pressor activity of this blood is, if anything, lower than that 
collected during control periods of air-breathing. The mechanism of the apparent 
reduction in adrenal activity, during the pressor phase of epinephrine, is probably 
related either to a diminution of the sjnnpathetic tone or to a humoral inhibition of 
the gland caused by circulating injected epinephrine or, to both mechanisms (ii). 

Our results also indicate that removal of the venous drainage of the adrenal 
gland from the systemic circulation is accompanied by a slow steady fall in the 
arterial pressure and that reinjection of the collected blood raises the arterial pressure 
approximately to the level of the systemic arterial pressure when the collection was 
begun. Thus, at least under the conditions of our experiments the adrenal appears 
to play a significant role in the regulation of the blood pressure (cf. 7 and 8). Our 
evidence that hypoxemia in anesthetized animals causes an increased liberation of 
pressor material from adrenals seemingl3’^ is opposed to other published results (9). 

It is justified to conclude that the adrenals come into play in conditions of low 
blood pressure, as in shock and in h3'poxemia, to help neutralize the ill effects of 
these states by raising the blood pressure and redistributing blood to vital organs. 

SUilMARY 

The factors responsible for tlie pressor responses during the hypoxemic phase 
and in the post-hypoxemic phase were investigated. In unilaterally adrenalec- 
tomized animals, diversion into a syringe of the venous blood draining from the re- 
maining adrenal resulted in no significant change in the hypoxemic pressor phase, 
but diminished considerably the post-hypoxemic response. Blood collected in the 
phase of the falling blood pressure during nitrogen breathing had markedly more 
pressor activity than that collected during the earlier phases of hypoxemia. Rein- 
jection of such collected blood immediatclj’’ after the peak of the post-hypoxemic 
response due to extra-adrenal factors caused the pressure to rise to a level similar to 
that attained in the control experiment. 

It is concluded that the adrenal gland plays little part in the production of the 
hyjKixemic pressor response, but plays a major r 61 c in the production of the arterial 
pressor response after re-aeration. Pressor material liberated from the adrenal 
jhiring severe hyiwxcmia does not exert pressor effect until tissues are reoxygenated. 
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LUNG FUNCTION STUDIES. II. THE RESPIRATORY 

DEAD SPACEi’2 

WARD S. FOWLERS 

From the Departmeni of Physiology and Pharmacology, Graduate School of Medicine, 

University of Pennsylvania 

PHILADELPHIA, PENNSYLVANIA 

C ERTAIN methods of estimating pulmonary ventilatory efficiency are 
limited by the accuracy of the measurement of respiratory dead space 
(i, 2). Krogh and Lindhard measured the physiological dead space and 
concluded that it varied within narrow limits during changes in lung inflation (3); 
on the other hand, Haldane and Priestley (4) maintained that the dead space might 
increase as much as 8co cc. during maximal lung inflation. Though subsequent 
investigations (5, 6) have in general confirmed the work of Elrogh and Lindhard, 
there still remains considerable uncertainty about the magnitude and constancy of 
the volume of the respiratory dead space. Within the past few years some investi- 
gators have employed a single dead space volume for different tidal volumes (i) 
whereas others have used two values for dead space, one for shallow and another for 
deeper breaths (7). The development by Lilly and Hervey (8) of the nitrogen 
meter, for continuous analysis of the nitrogen concentration of respired gases, has 
made possible the reinvestigation of this problem. 

Since the terminology used by various writers is not uniform, it seems advisable 
to clarify the meaning of dead space. The respiratory system may be divided into 
those parts which serve primarily as a conducting airway and not as sites for rapid 
change of O2 and CO2 (mouth, nose, pharynx, larynx, trachea, bronchi and bron- 
chioles) and those whose chief function is gas exchange (alveoli, alveolar sacs and 
atria). If a sharp separation could be made between the two, the former would be 
defined as the dead space and the latter as the container of alveolar air. If the dead 
space gas could be expelled from the respiratory tract as a bloc of gas with a sharp 
boundary line dividing it from the alveolar gas, its measurement would be simplified. 
However several factors prevent this: first, anatomical studies indicate that the 
boundary between conducting and exchange airway is not definite; second, diffusion 
occurs at this boundary area and obscures any sharp margin; third, when the gas is 
put into motion during expiration, some alveolar gas pushes into the dead space 
gas and so eliminates a square front. The latter process of expiratory gas mixing 
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in the conducting ainvay must be subject to aerodynamic variables which are in- 
dependent of the original separation of dead space gas from alveolar gas. 

However it has been found possible, by simultaneous measurement of nitrogen 
concentration and volume flow of expired gas, to separate dead space gas from alveo- 
lar gas by an application of Bohr’s formula. Throughout this paper, the term ‘physi- 
ological dead space’ will be used to refer to the volume of the conducting airway down 
to the location at which a large change in gas composition occurs. This measurement 
of physiological dead space will change not only with alterations of the caliber of 
the ainvay, but also with the extent of boundary diffusion between the alveolar and 
dead space gases; the latter, among other factors, is a function of time and hence of 
the rate of respiration. 

The effective ventilation of the residual air by a given tidal volume is reduced by 
the physiological dead space and also by non-uniform ventilation of the residual air. 
Therefore ineffective tidal volume has these two components; it is believed that the 
method to be described may differentiate the two. 


METHODS 

Tliis method is based upon the continuous and simultaneous measurement of 
a) expired gas volume-flow and b) expired gas Nj content, following the change from 
breathing air to breathing 99.6 per cent oxygen. 

/. -Vi Analysis. Tlie nitrogen meter developed by Lilly and Herx'^ey (8) con- 
tinuously samples (using about i.o cc/sec.), analyzes and records the nitrogen con- 
tent of constant composition samples with an accuracy from day to day of db 2 per 
cent Nj, relative to Haldane analyses. This is an overall accuracy summing errors 
in sampling methods, measurement of records and setting the instrument. In our 
instrument the response to a step-wise change in gas composition occurs with a delay 
of 0.03 to 0.05 second between the time the sample enters the instrument and the 
time at which the record starts to change; 95 per cent of the final response is attained 
within an additional 0.03 second and maximal response is attained o.io to 0.12 second 
after the sample enters the instrument. The delay in the final $% of response 
may not be instrumental, but due to our inability to produce a completely square 
gas front. 

x"*, VoUay.Mlcni' Analysis. Expired gas is passed through a flow meter, which 
rotitinuously measures the pre.^sure differential across a 400-mcsh screen in the flow 
pe.tli, liv means of an electrical capacitance manometer {9). Photographic recording 
of N'r concentration and tlov.- is made by appropriate oscillograph galvanomctcr- 
camcra systems. With the flov.- meter connected as described below, the response 
tr, a ciiangc in How ocair.s with a starting delay in recording of not more 

tiiiin 0.03 ';i:r/):id and maxirnrd re.'^ponse is attained in an additional 0.05 to 0.07 
tl'fw rW';>on;'e is calibrated tlailv’ by Idowing compressed air 

t'amneh a to it. Volumes presented hereafter are derived vdfhout Icnipcr- 

• V.;:'- c'jrr? fr.vn ti,- rotarnetcr calibmled at 760 inrn. Ilg and The area 

thr trv. in;:, a" :t i- detl';::,!',-*! frorji the zero line by an expired breath, can be 

r ftr.; tcr a by' me.'V'-uremeitt vdth a phmimeter nr with a 

tr, e-;rtr> .'it f'-.w*.. errrvr in volume mea<nr> rnents bv thi'’. method is 
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±5 per cent; this combines errors in rotameter (±2%), flow meter calibration and 
record measurement. In tables i, 2, 3, 4 and 6, the figures for tidal volume represent 
the average df three successi\'e expirations. Since the various patterns of breathing 
were maintained for at least 8 to 10 breaths, it is reasonable to assume that the ex- 
piratory volumes were not greatly different from inspiratory or tidal volume. 


Table r. Physical .tVXD repiratory data on 45 il\le and 4 female subjects 



AGE 

HEIGHT 

1 1 

\\xicnT 1 

EXP. VOL. 1 
TO WASH 
OUT D.S.l 1 

j PHVSIOL. 

1 DEAD 

1 SPACE* 

1 TIDAL 

1 VOL.' 

1 

f 

i P.D S. 

XlOO 

T.V, 

1 RESP/iUN’ 

45 Mate Subjects 


yr. 

in, I 

lb. 

C€, 1 

1 CC, 

j CC. 

1 


hlean 

26.4 

70. s 

161.S i 

325 ; 

156 

j 651 

1 25.9 

15-6 

S.E. mean (±) 

0.9 

0.4 

3-3 

10 i 

4 

! 33 

i 

0.6 

S.D. (±) i 

5*7 

2-5 i 

22.3 

65 1 

28 

1 222 

7.6 

4.1 

Coefl. variation 

22% 

3 - 5 %; 

14% 

20% ! 

! 18% 

34 % 

29% 

26% 

Range 

19-38 


I20-210| 

207-472 j 

i 106-219 

,276-1448 

ic ^43 

8.5-27 

4 Female Subjects 

Mean 

1 

63.5 

120 

250 

104 

589 

20 

15.S 


* Average, first three breaths. 


Table 2. Effect of volxwtary hyperventil.ation on physiological dead space 


SUBJECT 

QUIET BREATHIN'C 1 

! i 

VOLTTNTARY HYPEMTSTILATION" 

Tidal vol. 

Physiol. D. S. 

Tidal vol. 

1 

Physiol. D. S. 


CC, 

CC, 

CC, 

CC, 

20 

636 

III 

3085 

167 

21 

478 

157 

2500 

203 

22 

476 

202 

1410 

253 

23 

628 

147 

2105 

2+2 

24 

683 

179 

1540 

261 


Table 3. Physiological dead space in voluntary and exercise hyperpnea 



svBj. NO. 3+ (male) 

SUBJ. NO. 48 (fEM-ALE) 


Tidal vol. | 

Physiol. 

D.S. 

Insp. time j 

Tidal vol. 

Physiol. 

D.S. 

Insp. Time 


CC. 1 

CC. 

see. 

CC. 

cc. j 

sec. 

Voluntary hyperventilation 

910 1 

186 

1,1 

1200 

170 

0.9 

Post-exercise hyperpnea 

810 

188 

1,0 

1310 

158 

1-3 

Quiet breathing 

SSo 

168 

1.7 j 

895 

105 

2.5 


j. Other Apparatus. A nose clip and rubber mouthpiece of 2 cm. internal di- 
ameter were used. The mouthpiece was connected to a four-way metal valve of 
2.1 cm. internal diameter. Instrumental dead spaces were respectively 40 cc. and 
60 cc. when room air or o.xygen was breathed. Ox3'-gen (99.6% dz 0.1%) was de- 
livered from a high pressure tank through a demand valve designed to operate with 
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Table 4 . Eitect of exd-esspiratory ltog volume on physiological dead space 


1 

! 

START or TN-SPIRATION AT ! 

i 

i 

StTBJ. NO. 34 (lIAtE) 

SITBJ. NO. 48 (female) 

1 

Tidal vol. j 

i 

Physiol. 

p.s. 


Tidal vol. 

Physiol. 

D.S. 

Insp. time 


cc. 

CC. 

sec. 

CC, 

C.. j 

see. 

Max. exp. pos 

440 

1 19 

1-3 

\ 660 

84 

2.2 

Normal exp. pos 

5S0 

168 

1-7 

Sgs 

105 

2-5 

High insp, pos 

650 

233 

1.2 

830 

202 

I.Z 


Table 5. Effect of breathholding on physiological dead space 


smjrcT 

1 

1 QUIET BREATtriKC 

1 BREATinlOI.DING 

Exp. No. 

Insp. time 

1 Physiol. 
D.S. 

Exp. no. 

Insp. time 

Physiol. 

D.S. 
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mean D.S. 


i 

sec. 
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sec. 

CC. 


50 

[ 

i I 

2.0 

132 

2 

70 




i 3 
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12S 

4 

21 


62 

51 

1 

1 

^•3 1 

1 60 

2 

20 



1 

3 

1-3 

173 

4 

21 


82 

34 

I 

i 

2.0 

168 1 

2 

1 27 


61 

4 S 

! T 

t 1 

2.5 

107 ! 

2 

i 

21 




! ^ i 

1 2.2 

i 

4 

20 

61 

52 

S2 

! 1 

i I 

; 2-5 

192 1 

2 

22 

136 



! ^ ’ 

2.1 

' 178 1 

4 

21 

14s 

44 


Tabix 6. Effect of small increase or inspiralory time on i’iiysiological dead space 
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2IS 

• 1350 i 

1-3 I 




It, Slow insjt. & exp. 

J35 

i 1350 ) 
1 i 

s -2 ! 

f 

33 

3-9 

S'- ' 

a. Fat^t insp, & cxj>. 

j 228 

770 f 
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low inspiratory resistance. Expired gas was conducted through the four-way valve, 
a Sadd valve and 30 inches of flexible rubber tubing with 2 cm. internal diameter to 
the flow meter. 

The sampling needle of the nitrogen meter was inserted into the middle of the 
mouthpiece lumen just external to the subject’s lips, adding an apparatus expiratory 
dead space of 2 to 3 cc. Since measurements of physiological dead space were made 
during expiration, no apparatus correction was made. 

Subjects sat quietly in a chair and breathed room air through the mouthpiece 
for several minutes. The oxygen system was flushed and, during an expiration, the 
room air orifice was closed so that oxygen was breathed on the following inspiration 
and thereafter. 

4. Siibjects. The subjects were healthy white males and females between the 
ages of 19 and 38 years. Certain physical characteristics are given in table i. 

5. Analysis of Records. Figure i shows the type of record obtained when oxygen 
is breathed after breathing room air. During inspiration, oxygen (0.4% Na) is 
inhaled. The expired gas may be divided into three nitrogen-fraction phases (8) : 
the first part, approximately 20 to 100 cc. of oxygen and water vapor, represents 
inspired gas remaining in the upper respiratory tract; a final portion with relatively 
constant Na content probably represents ‘alveolar’ gas; a mid-portion of about 100 
to 300 cc. of gas with a rapidly rising Na content represents a mixture of pure inspired 
gas and alveolar gas, the mixing presumably being accomplished by boundary diffu- 
sion and by expirator}'- flow conditions in the upper airway. 

From the nitrogen and flow curves one can obtain the data to solve Bohr’s 
formula for dead space: 

F, X C = (F, - F*) Ca -h F* X Ci in which 

Fe = Volume of expired air. 

Ct = Concentration of a gas in F,. 

Fd, = Volume of the dead space. 

Ca = Concentration of the same gas in alveolar air. 

Ci = Concentration of the same gas in inspired air. 

This states that an expired breath consists of a mixture of two parts, each with a 
definite concentration of a given gas. Ve, Ci (approximately zero for N2) and Ca 
(the N2 concentration of the alveolar phase) may be measured directly from the 
record. Ce is obtained by correcting the N2 curve for flow variations and measuring 
the area under it, thus obtaining volume of N2 expired; this is divided b}*- total volume 
e.xpired, Ve, to give C*. The equation may then be solved for dead space. Measure- 
ments made in this way will be called ‘calciflated’ physiological dead space. 

The factor of non- uniformity of alveolar gas is eliminated as follows: The O2 
remaining in the conducting airway after inspiration is mixed in the airway on ex- 
piration vutli alveolar gas similar to that expired immediately after the dead space 
has been washed out. The No concentration of this alveolar gas is measured and 
inserted in Bohr’s formula. Similarty Ve is taken as the volume expired up to the 
point at which this initial alveolar concentration is reached. If the No content of 
alveolar gas is uniform, i.e. the alveolar plateau is flat, the same result is obtained if 
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any volume concentration point is selected after the dead space has been washed out. 
If the N2 content of alveolar gas is not uniform, the use of a volume-concentration 
point early in the alveolar plateau largely eliminates the effects of uneven alveolar 
N2 content. This point is selected by drawing a straight line along the top of the 
alveolar plateau and extending it to the left. The point at which the rising N2 curve 
first touches this line is taken for measurement of the alveolar concentration.^ 



Fig. I. Record of flow and Ns concen- 
tration of e.xpired gas after Oj inhalation. 



Fig. 2. GEOiDZTRIC represf.ntation of 
Bohr’s formula applied to an expiration (see 
tc.xt for explanation). 
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ruling c.ilculation is laborious, it was attempted to sec how ac- 
al de.ad space could be estimated directly from the pliotographic 
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ure 7. 'IT.e area under the curve equals 1 ', X C,, which by the 
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Bohr equation also equals the sum of the two products, X Ci and Ca X (F« — 
Fds). Since C,- lies on the abscissa, Fd^ X C,- contributes no area. Therefore the 
area under the cun^e equals Ca X (F* — Fds). C„ is known, and Vc — Fd* may be 
found by constructing a rectangle which has Ca as one side and which has an area 
equal to that area under the cun^e. This is done by dropping a perpendicular to the 
abscissa such that area A equals area B. 

In applying this procedure to the photographic record, a perpendicular is drawn 
on the nitrogen meter record such that area A equals area B, as in figure 2. This is 
estimated visually with the help of a squared transparent ruler. The perpendicular 
is extended to cross the flow curve. The area of the flow curve to the left of the 
perpendicular is measured, converted to cc. and is called the ‘estimated’ physiological 
dead space. 


POTENTLA.L SOURCES OE ERROR EST 3UETHODS 

I. Instrumental Delay. Figure 3 shows an expiratory record {above) and a re- 
cord obtained with a stepwise change in flow and N2 content {below). With quiet 


Fig. 3. Comparison of instrumental lag 
and changes recorded during expiration (see 
text for details). 



noM%jin. ®T 

3ol 

Response to 
Step-wise Change 

fa — 


*N;t 


or rapid expiration, the change of N2 concentration occurs over a period considerably 
longer (4- to 8-fold and 2- to 4-fold respectively) than the instrumental delay. Like- 
wise the sustained high level of expiratory flow rates is attained only after a delay 
several times longer than the instrumental lag. Therefore the analyses of N2 and 
flow should be reasonable representations of the actual events. 

2. The ‘estimation^ method assumes arithmetic scales on the ordinate and ab- 
scissa of figure 2. The non-arithmetic scale of the nitrogen meter response (fig. i) 
should make the estimations about 5 per cent too large. Flow variations which occur 
during the period of rapid N2 change may introduce error. Actually those flow varia- 
tions are small because a) more than 75 per cent of peak flow is attained early in 
expiration, before N2 beings to rise rapidly, and h) the apparatus has a damping effect. 
The ‘calculation’ method is not subject to these errors. Therefore comparison was 
made between the values obtained by ‘calculation’ and by ‘estimation’ in 14 different 
breaths including quiet and rapid expirations performed by 6 subjects. Estimated 
values varied both above and below the calculated values. The mean difference 
between estimated and calculated was 3.4 cc. and the standard error of the mean 



412 


WARD S. FOWLER 


Volume 154 


difference was ±2.6 cc., indicating that there was no significant difference between 
values obtained by the two methods. 

Further checks on the 'estimation’ method were made as follows: d) artificial dead 
spaces were made by connecting rubber hoses to the apparatus mouthpiece, filling 
the hoses with oxygen and then flushing them through the apparatus with air or gas 
mixtures containing 63 per cent N2-37 per cent O2, or 58 per cent N2-42 per cent O2, 
at flow rates of 15 to 35 1 /min. The internal volume of the hoses was measured by 
filling with water. Three estimations of an 85-cc. smooth bore hose, 2.0-cm. in- 
ternal diameter, were 89, 93 and 82 cc. Four estimations of a 170-cc. corrugated 
hose, internal diameter 2.0 to 3.0 cm., were 175, 164, 160 and 175 cc. Six estima- 
tions of a 20S-CC. corrugated hose were 197, 194, 194, 213, 203 and 206 cc. b) Physio- 
logical dead space of a subject was ‘estimated’ to be 168 cc. Then an additional 200 
cc. of dead space was added by placing a smooth bore hose in the mouth. Estima- 
tions were found to be 373 and 358 cc., differences of 205 and 190 cc. 

From the evidence above, it appears that the ‘estimation’ method, which is 
technically much easier, is as suitable as the ‘calculation’. The data presented here- 


Tablk 7. Effect of vap.ying ikspiratory volume-flow on physiological dead space* 
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625 

1.2 
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* All figures average of three breaths. 


after were olitained by ‘estimation’. In the absence of any direct or absolute method 
of mea.surcment of physiological dead space (e.xperiments on gas mixing in tubes are 
not ideal reproductions of aerodynamic conditions in the airway), it is impossible to 
estimate the accunicj' of the values obtained on subjects. These values are, liow- 
ever, similar to those obtained by authors (6) whose methods have eliminated the 
effects of non-uniformity of alveolar air. 

j. Suhjrcikc Error iv Eslimat'wn. In 45 male subjects listed in table i, cstima- 
lions of pliysiological dead space were made by one person on three successive breaths 
of oxygen, usually the first three breaths. If the physiological and instrumcnUl 
factors influenting the measurement arc assumed to be constant, then the variation 
between nunsuremcnls may be said to be due to individual accidcnUil error in the 
t-Mimation. .Althougli the alveolar Xj tlccrease.s with succc.ssive breath.s, there was 
r.f> con-'ictenl variation of estimatetd <lead space values between tiic first and later 
breaths, 'Ihc standard deviation of the differences bctv.een the individual cstima- 
t!-:!;!-' r.t,d. the mean of tlic three w.as iS.o cc. Tiie figures in table i represent the 
of the tisna,* c-tinKitions, In the other e.x|H;rinK;nts where rompari.'^ins of 
t.I.angf in ».;;e ir'.dividua! ar«: made (t.abics 2~.\, 6) single figures represent the mean of 










Septemher IP48 


RESPIRATORY DEAD SPACE 


413 


measurements on three successive similar breaths. The standard error of these 
means is ±5.1 cc., the standard error of the difference between two means is ±7.2 
cc. and a difference of 20 cc. or more is significant. 

RESULTS 

1. The volume of gas required to wash out the dead space on expiration, after 
which ‘alveolar’ gas is e.xpired, is shown in table i to have an average value of 325 cc. 
Figure 2 shows that this volume, tentatively called ‘kinetic dead space’ by Lilly 
(8), is larger than that of the pltysiological dead space, since it includes both the pure 
inspired gas remaining in the airway after inspiration and also some alveolar gas, 
which is mixed in the airway with inspired gas during e.\'piration. 

2. Some alveolar gas appeared in the expired air, as shown by the start of a 
rising No content, after an average of 41 cc. expired by subjects in table i. The ac- 
curacy of this measurement is limited by the flow meter lag and by the relative in- 
sensitivity of this No meter at very low N2 fractions. 

3. Table i shows the volume of the physiological dead space found in 45 normal 
men, sitting and breathing naturally. The average is 156 cc. with an 18 per cent 
coefficient of variation. Measurements in 4 women gave smaller values, averaging 
104 cc. 

4. Radiologic and bronchoscopic evidence has shown that the bronchial tree 
increases in volume with inspiration. Thus, anatomical changes could affect the 
volume of the physiological dead space. Also the demarcation of gas concentrations 
between the terminal bronchioles and the alveolar spaces must be affected by dif- 
fusion. The effects of these two factors were shown in the following experiments. 

A. Anatojnical effects. Measurements made on 5 men, during quiet breathing and during 
voluntary hyperventilation, are shown in table 2. Large increases in tidal volume resulted in in- 
creases of 46 to 95 cc. in physiological dead space. A comparison of voluntarj"- hyperventilation 
and hyperpnea due to exercise (one minute after knee bends) was made in 2 subjects. Table 3 
shows that there was no significant difference between the increased physiological dead space found 
with the two types of h}'perpnea. In view of Verzar’s data on changes in total lung volume during 
and after exercise (20), it is possible that different results would have been obtained on measure- 
ments during exercise, which were precluded by apparatus immobility. The significance of the 
notation of inspiratory time in table 3 will be discussed below. 

The increased physiological dead space found with larger tidal volumes is presumably due to 
the increase in anatomical volume on deeper inspiration. Further demonstration was obtained by 
experiments on 2 subjects in w'hom oxygen inhalation was started at d) maximal expiratory position, 
b) normal quiet expiratory position and c) almost maximal inspiratory position. The maximal 
differences in end-inspiratory lung volumes w’ere 3000 to 3500 cc.; tidal volume and rate were volun- 
tarily made similar at all three lung positions. Table 4 shows that at reduced lung volumes the 
physiological dead space was definitely decreased. With an increase of about 3000 cc. in lung vol- 
ume, the physiological dead space increased about 100 cc. 

B. Diffusion effects. Experiments were made on 5 subjects in which the time available for 
diffusion of Nj between terminal bronchioles and the more peripheral spaces w^as prolonged by hold- 
ing the breath for about 20 seconds in the normal inspiratory position. Table s shows a definite 
decrease in physiological dead space with breathholding in every case, presumably because the 
peripheral boundary of pure inspired gas had receded up the bronchial tree. 

In 3 male subjects, diffusion time was varied within physiological limits by voluntarily breath- 
ing with a) rapid inspiration and expiration and b) slow inspiration and expiration. In 2 subjects. 
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breaths with a short end-inspiratory pause were alternated with uninterrupted breaths. Table 6 
shows that the physiological dead spaces were smaller wth the slow rate and that 2- to 3-second 
inspiratorj- pauses also resulted in a decrease. 

5. To test the proposal (5) that physiological dead space is decteased by higher 
rates of inspiratory flow, experiments were done on 2 subjects in which inspiratory 
time and end-inspiratory lung volume were constant, but the rate of inspiratory 
volume flow was varied. This was accomplished by analyzing breaths which ended 
at similar inspiratory positions but started at varying expiratory levels. Inspired 
volumes were measured on a 6 L. recording -spirometer used for the source of O2. 
Table 7 shows that increasing the mean inspiratory volume flow by about 2.5 times 
did not significantly affect the volume of physiological dead space. 


DISCUSSION 

Since the physiological dead space may change in any one individual with 
respiratoiy-^ rate and depth, a 'normal’ value for a group with varying rates and 
depths of respiration, and varying anatomy, is not very meaningful. However the 
average value of 156 cc. for resting males agrees closely with the commonly accepted 
value of 150 cc. and the 104-cc. average for 4 females is similar to Lindhard’s average 
value of 92 cc. for 5 females (lo). On the other hand, Kaltrieder el al. (ii) found an 
average value of 256 cc. in a group of go males, 38 to 63 years old; if the non-uni- 
formity of alveolar ventilation is increased in older ‘normal’ males (i), a larger value 
would be e.xpccted when calculations are based on Haldane-Priestly alveolar air 
samples. The method described in this paper has the advantages of kno^ving tlie 
concentration of alveolar gas which immediately follows that alveolar gas which 
washes out the dead space and of not requiring the cooperation of the subject in 
obtaining a sample of alveolar gas. It is probable that these factors are partly 
responsible for the smaller coefficient of variation in this group (18%) as compared 
to that in Kaltrieder’s scries (43.5%). 

A recent text (12) illustrates the calculation of alveolar ventilation with fl) 
a dead space of constant volume and h) a constant dead space/tidal volume fraction. 
Our data show that dead space volume is not constant; also it is a variable fraction 
both of tidal volume in different individuals and of different tidal volumes in one 
person. 

Many authors have found that physiological dead space increases with increasing 
huig volume. However, in our cx{)criments, the increase from maximal e.vpiralorj'’ 
p-osilion to maximal inspirator}' position w.as only of the order of 100 to igo cc., as 
Krogli (3) and others (6, 13) liave also found. Combining the anatomical data of 
Rohrer fi.*,) and the radiological data of Huizinga (15), one can calculate that the 
volume of the airway, from the glottis to the intralobular bronchioles of the fifth 
order, wnnh! increase by about 230 cc. from deep cx{>ir.ation to deep insj)iration. 
The sm.aHer itu reroe measured by phy.siological methods m-ay perhaps he e.xplaincfl 
by the tlvar tint eKap-es l»i-tween the first e.xposure, during early in.spirafion of in- 
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Henderson et- al. (16) and Haldane (17) found that the dead space for CO2 and 
O2 decreased if the breath was held after inspiration; Grosse Brockhoff and Schoedel 
(5) were unable to confirm this. Krogh and Lindhard (3) and Mundt (6), using 
hydrogen methods, noted a decrease but it is doubtful if results obtained with such 
a rapidly diffusing gas should be applied to the normal respiratory gases. Our data 
show that prolongation of inspiratory time by only two seconds, such as may result 
from a prolonged inspiration, will decrease significantly the physiological dead space. 
Thus with deep slow respiration, the anatomical increase will be counteracted by the 
prolonged time available for diffusion between the terminal bronchioles and the alveoli. 
The finding that a 20-second prolongation of inspiratory time (table 5) does not re- 
duce the physiological dead space a great deal more than a two- to four-second pro- 
longation (table 6) is not surprising. In the respiratory bronchioles, for example, 
the diffusion course is short and only a few seconds or less are required to greatly re- 
duce initial concentration differences (19). The effect of diffusion in the larger 
bronchioles will be less evident because their total volume becomes progressively 
smaller toward the large bronchi; also as diffusion courses become longer, time must 
be prolonged exponentially to accomplish similar degrees of concentration equaliza- 
tion. 

Our finding that physiological dead space is unaffected by increased inspiratory 
volume flow does not support Grosse-Brockhoff and Schoedel’s proposal that bronchi- 
olar-alveolar mixing is facilitated by turbulence resulting from faster inspiratory flow, 
with a resulting reduction of dead space volume. While it cannot be said that tur- 
bulent flow and attendant mixing do not occur, diffusion alone should accomplish 
mixing between the main stream and the alveoli along the respiratory bronchioles 
and alveolar ducts because the distances involved are so small in relation to normal 
respiratory times. 

The measurements of respiratory dead space by the method described may have 
several clinical uses: a) patients with pulmonary abnormalities may have large in- 
effective tidal volumes (2, 18); this method may be able to demonstrate whether an 
enlarged physiological dead space or uneven intrapulmonary gas mixing is responsible. 
b) It may be possible to employ the method to measure physiological or pharmacolog- 
ically induced changes in bronchiolar caliber. 

SUiBI.'VRY 

1. Physiological dead space was measured by simultaneous and continuous 
measurement of volume flow and No content of gas expired following the change from 
breathing air to breathing 99.6 per cent O2. In normal subjects the effect of non- 
uniform alveolar gas on dead space measurements can be largely eliminated. 

2. The average volume of the physiological dead space in 45 health)'- males at 
rest was 156 cc.; the average e.xpired volume required to wash out the dead space was 
325 cc. The physiological dead space/tidal volume fraction averaged 25.9 per cent, 
but varied vldely in different individuals. 

3. The volume of the physiological dead space is affected by: a) anatomical 
v'olume of tlie bronchial tree. Maximal v'ariations of inspiratory lung v'olume 
changed dead space by about 100 cc. Voluntai)'- h)'perventilation and post-e.xercise 
h)'perpnea increased physiological dead space equally; the increase was 100 cc. or 
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less, b) Gas diffusion between terminal bronchioles and alveolar spaces. Pro- 
longation of inspiratory time by two to three seconds significantly reduced the volume 
of the physiological dead space and breathholding, during inspiration (20 sec.), 
caused reductions of 44 to 82 cc. In slow deep breathing the anatomical volume in- 
crease is counteracted by diffusion occurring during the prolonged inspiratory time. 

4. Variations in the rate of inspiratory volume flow did not affect the volume of 
the physiological dead space. 

5. Clinical applications of the method are suggested. 

The author wishes to express his thanks to Dr. J. H. Comroe, Jr. for his advice and encourage 
inent and to Adele Kynette and Nancy Kraficrt for technical assistance. 
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ROLE OF THE VAGI IN THE CROSSED 
PHRENIC PHENOMENON 

PAUL 0 . CHATFIELD and SEDGWICK MEAD^ 

Prom the Deparlptent of Physiology, Harvard Medical School 

BOSTON, MASSACHUSETTS 

T he term ‘crossed phrenic phenomenon’ refers to the recovery of activity 
in a hemidiaphragm paralyzed by hemisection of the spinal cord above C3, 
when the contralateral phrenic nerve is cut or blocked in various ways. 

This phenomenon was observed by several earlier workers (1-3) and it was found (3) that the 
crossing of descending respiratory impulses occurred at the level of the phrenic nuclei. 

Deason and Robb (4) showed that crossing could be produced (in dogs and cats) under several 
conditions, even without previous phrenic section. Thus they found crossing to occur with ‘d3'sp- 
noea’ (not further described), traction on the active phrenic not great enough to stop conduction and 
on stimulation of the sciatic. 

Rosenblueth and Ortiz (5) found that crossing occurred — on section or block of the active 
phrenic — in dogs, cats, rabbits and woodchucks, but not in monkeys or guinea pigs. In dogs only^ 
crossing also occurred regularly on section of the vago-sympathetic trunks. They concluded that 
the crossing was not due to asphjTcia or to interruption of inhibitory afferent impulses in the phrenic 
or vago-sympathetic nerves. 

After a subsequent study Rosenblueth, Klopp and Simeone (6) were forced to conclude that 
crossing is due to block of phrenic motor impulses and that the central changes — at the level of the 
phrenic nuclei — which permit crossing are mediated by some process not involving the conduction 
of nerve impulses. 

Tosatti (7) found that the phrenic nucleus has a double innervation from the respiratory center 
— a principal homolateral tract running in the lateral column of the cervical cord and a reserve tract 
running in the anterior column and composed of both direct and crossed fibers. He held that cross- 
ing was due to activation of this crossed pathwa}"-, perhaps by elevation of the blood CO2 concentra- 
tion, which he showed occurred after inactivation of the functioning phrenic. 

Finally Seligman and Davis (8) found that crossing was produced by prostigmin, eserine, 
acetylcholine (protected by prostigmin) and strychnine. Thej’’ also showed that crossing occurred 
with asphy,^ia and after section of the vagi if prostigmin had been given previousb^ 

Thus in several species crossing can occur, under various conditions, without 
interruption of the remaining phrenic motor activity. The present study is a 
further investigation of the crossed phrenic phenomenon with emphasis on the 
role of the vagi. 


SIETHOD 

Our conclusions are based on observations made on 23 rabbits. At first dial 
(Ciba, 0.5 cc/kg.) and later nembutal (Abbott, 0.4-0.6 cc/kg.) were used as anes- 
thetics intravenousl3^ The kind of anesthetic used did not appear to affect the 
results, although the rabbits tolerated nembutal better than dial. 

Diaphragmatic contractions were at first recorded from Head’s slips (anteriorly 
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placed bands of diaphragmatic fibers, well developed in the rabbit) with isotonic 
levers — in such records inspiratory excursions are upward. Later records were 
made directly from the domes of the diaphragm after the abdomen had been widely 
opened. In these records the inspiratory excursions are downward. The use of 
Head’s slips was abandoned when it become apparent that in many animals the slips 
did not contract even when the diaphragm was contracting well. We came to regard 
Head’s slips as accessory muscles of respiration, since contraction could often he 
induced in quiescent slips by having the animal breathe against resistance. 

The respiratory effects of all procedures used were checked by direct visual 
obser\’^ation of the diaphragm. 

In all animals a tracheal cannula was inserted and the cord hemisected between 
Ce and C3 to produce a respiratory hemiplegia. The vagi and phrenics were ap- 
proached in the neck. The phrenics were inactivated by section or by block with 
ether or ice. Stimulation was produced through shielded electrodes using a Grass 
model 3 monophasic square-wave stimulator with variable pulse duration, frequency 
and intensity. 


RESULTS 


A. Role of Ecring-Brctier Aijcrculs. As has been mentioned, in some animals 
with a cendcal hemisection Head’s slips did not contract with respiration even on 
the unparalyzed side. In such circumstances, partial occlusion of the traclieal 
cannula led to contraction of the slips both on the unparalyzed and occasionally on 
the hemiplegic side. .As can be seen in figure i, the contractions started with the 
veiy next breath after partial occlusion, a characteristic of Hering-Breuer afferent 
activity. 

Even when the normal Head’s slip was contracting, partial occlusion of the 
tracheal cannula increased activity on the functioning side and sometimes induced 
activity on the hemiplegic side. 

The crossing produced by partial occlusion could also be shown on records from 
the domes of the diaphragm (fig. zA). That this increase in activity was due in 
part at least to impulses in the vagi was shown by the different character of the 
response to occlusion after the vagi had been sectioned bilaterally (fig. zB). In 
these circumstancc.s respiration did not slow or increase as greatly as when the vagi 
were intact. Possibly the increased depth and crossing of respiration on occlusion 
after vagal section was due mostly to asphyxia, since with vagi cut the increase was 
more gradual, did not become maximal until the animal was visibly cyanotic and 
j>er?iftcd longer after the ainvay liad been reopened. 

Crorsing produced by partial occlusion of the tracheal cannula may be related 
to the crossing described by Dcason and Robb ( 4 ) which occurred when their animals 
'.vere in a sl.'itc of ‘dyspnoea'. 


B. /i'Y.-fr of Sedior; oj the Vagi. As noted above, Roscnbluelh and Ortiz ( 5 ) 
found that cro'vdng -.va?. readily prixluccrl by severing the vago-symj)alhctic trunks 
in dog", but t;ot in monkey-, ents, rabbits, guinea pign or wo'^Klchucks. Rosenljlucth, 
Khg'p r*nd SinKror.e (o'i showed that sectiorung the vagi in cats and r:i!»hits would 
p.nviuce tr.’.Ti'h'nt rro--- .ir.g if crowing had been produfual j)rev!aiisly by one or more 
rever iide U k' -'. of tr.e activ!' phrenic. Seligman and D.-ivis (?>) produced permanent 



September IQ48 


CROSSED ’PHRENIC PHENOMENON 


419 


crossing on vagal section in one cat and in rabbits which had received prostigmin 
previously. 

In the present experiments^ section of the vagi produced transient crossing in 4 
out of 8 animals in which it was performed as the initial experimental procedure 
(fig. 3). The role which the vagi may play in the production of crossed respiration 
is indicated by the fact that in the 4 animals which did not show crossing on vagal 
section, no crossing occurred on subsequent phrenic block. In addition there was a 
correlation between this lack of crossing and an inactivity of Hering-Breuer reflexes 
as indicated by the responses to partial occlusion of the tracheal cannula and to 
compression of the thorax from without. Normally partial occlusion slowed respira- 
tion while compression of the thorax accelerated it. But in a typical animal from 



Fig. I (/c//). Record made from head’s slips. The upper record is from the normal side; the 
lower, from the hemiplegic side. This and all subsequent records are from rabbits given a respira- 
tory hemiplegia by cervical hemisection abOve C3. In this case, Head’s slips were not functioning. 
At signals, partial occlusion of the tracheal cannula. Note that this procedure activated both the 
normal and hemiplegic slips. Activation occurred Avith the very next breath after partial occlusion 
of the cannula. Time interval (bottom signal) in this and all subsequent figures is 10 seconds. 

Fig. 2 {right). Records from the domes of the diaphragm. Upper record, normal side; 
lower record, from hemiplegic hemidiaphragm. A. Vagi were intact. At signal, partial occlusion 
of the tracheal cannula caused crossing which persisted somewhat when the airu-ay Avas reopened. 
B. Same preparation as in A, but vagi have been cut, producing slight crossed activity in the pre- 
viously hemiplegic hemidiaphragm. At signal, partial occlusion of the tracheal cannula. Note 
difference in the response of the hemidiaphragms from that of fig. 2A. The respirator}- movements 
did not slow or increase as much as they did Avith v-agi intact. 

the ‘non-crossing’ group mentioned above, Hering-Breuer responses were poor, 
section of the vagi did not produce crossing and ether block of the phrenic was in- 
effective in producing crossing both before and after bilateral vagotomy. ■ 

C. EJfects of Stimulalion of Central End of Cut Vagus. Since partial occlusion 
of the tracheal cannula could cause crossing, an effect some of AA-hich depended on 
the integrity of tlie A^agi (see above), an attempt AA-as made to reproduce this phenome- 
non by appropriate stimulation of the central end of the cut A-agus. It is now Avell 
known (9) that high frequency A-agal stimulation results in a slowing of respiration 
and an e.xpiratory apnea, AA-hile low frequenc}’’ stimulation causes a quickening of 
respiration and an inspirator^' apnea. Accordingly the central end of the cut A-agus 
AA'as stimulated with monophasic square waA-es of o.oi msec, duration at rates of 
1 20 to 300 per second. Such stimulation caused the appearance of, or an increase in 
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crossed activity, an effect which might persist after stimulation had ceased (fig. 4A). 
That this increase in crossing was probably not diie to anoxia from the apnea initially 
produced by high frequency stimulation is demonstrated in figure 4B, where an 
increase in crossed activity is shown even though the animal had been breathing 100 
per cent O2 for several minutes before stimulation of the vagus. 

Since crossing may occur on section of the vagi, the possibility of inhibitory 
afferents in the vagi was investigated. Appropriate low-frequency (5 per sec.) 
stimulation with square waves as before was found to inhibit crossed as well as normal 
respiratory diaphragmatic movements. 

We conclude then that the vagus contains afferent fibers which both stimulate 
and inhibit crossed respiration. The appearance of crossing after vagal section in 
some animals could then be due to removal of this inhibition. It might also be 



riR. 3 Urft). ErFKCTs or sectioning vagi. Upper record from normal hemidiapliragm; lower 
record from hemiplegic hemidiapliragm. Records from domes. A. At signal, ligation and section 
of one vagus. Crossing produced. B. Same preparation. At signal, subsequent section of the 
other vagus. Crossed diaphragmatic contractions again increased. 

lug. 4 (rig/j/). Showing crossing produced ijv high rREQUEScy vagal stimulation (at 
signal). Lower record is from the hemiplegic hemidiapliragm; upper record from normal side. 
Records from domes. A. With animal breathing air. Stimulation produced a short period of apnea 
and increased crossed contractions. B. Same preparation, after animal had been brcatliing 100 per 
cent 0 ; for several minutes Ixiforc stimulation. Vagal stimulation still caused crossing. 


inferred that cros-sing after inaclh'ation of the functioning phrenic could likcwi.se be 
caused by a decrease in vagal inhibition, or by an enhancement of the stimulatory 
impulse?, brought about by .'^ome peripheral change. 

D. Rdatirin of Ihc VapJ to Crossing Produced by Block of Active Phrenic. In 
?{);tc of the role which the vagi may play in the .'qijicarance of or inhibition of cros.scd 
re.'pir.-ition. block of the active phrenic after crossing had been produced by bilateral 
vagal sectifin ^liil oiused an increase in crossed activity (fig. 5), Asjibyxia may play 
some ptrt in this inrreased crosseil re.-^piratory activity after block of the active 
pl.renic. but it does not furni'^h ih.e whole explanation, .>\n animal with lioth vagi 
cut ‘’■tiil '-hnwefi increased crossing on phrenic block even after it had been brcatliing 
ICO |v r csN'.t for scvcnii minutes previously. Inlereslingly enough, under Ihesc 
ciJiur: "c the >7t/- o‘d activity <Hd not develop to the e.xtent it would have had 

tr.c ijC'cn brcatld.-.g air. 'J'hi-.- result indicates tiial whatever th** merhanbm 
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which brings about the onset of crossed respiration, the crossed pathway — once 
active — responds as does the normal respiratory pathway to physiological stimuli.^ 

E. Possible Role of Inhihilory Afferenfs in (he Phrenic. Deason and Robb (4) 
found that stimulation of the central end of the cut phrenic in cats and dogs in- 
creased the rate and amplitude of respiratory movements. They felt that crossing 
might be initiated by excitatory afferent discharges from the cut end of the nerve. 

Rosenblueth and Ortiz (5) stimulated the central end of the cut active phrenic 
with an inductorium in dogs, cats, rabbits and woodchucks, obtaining variable 
results. During the present investigation tlie central end of the cut active phrenic 
was stimulated with monophasic square-waves whose duration varied from o.oi to 
20 msec., -with intensities as high as 100 volts, and with frequencies ranging from i 
to 500 per second. In no instance was any significant effect on respiration noted, 
though the existance of afferent fibers in the phrenic affecting respiration has been 
postulated (10-13). On the basis of the available evidence we agree with Rosen- 
blueth and Ortiz that crossing does not result from the removal of inhibitory im- 
pulses in the active phrenic. 


Fig. 5. Records from domes. 
Upper, normal side; lower, from 
hemiplegic hemidiaphragm. Slight 
crossed activity had resulted from 
section of bodi vagi. At signal, 
ether block of active phrenic. 
Note further increase in crossed 
activity after phrenic block. 


DISCUSSION 

It seems obvious that crossing of descending respiratory impulses may occur 
under various conditions and be brought about by several factors that affect respira- 
tion — e.g. asphyxia, drugs and afferent stimulation. From our results it would be 
tempting to formulate an hypothesis for the crossed phrenic phenomenon based on 
changes in afferent impulses in the vagi and other ner\’’es brought about by section 
or block of the active phrenic, with a resulting stimulation of or removal of inhibition 
from the crossed respiratory pathway. Such an hypothesis could even account for 
the appearance of, or increase in, crossed respiration on phrenic block after previous 
section of the vagi, since it has been shown that the lung is supplied with afferents 
other than those running in the vagi. These afferents have been demonstrated in 
various species by several investigators (14-17). 

Such an hypothesis may account for crossing under certain conditions. How- 

- We have also been able to activate the crossed pathway directly with the respiratory stimulant 
nikethamide (Coramine, kindly furnished by Ciba Pharmaceutical Products, Inc., Summit, N. J.). 
(Unpublished data.) 
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ever, Rosenblueth, K.lopp and Simeone (6) showed conclusively that crossing can 
occur independent of any change in afferent activity and, under these circumstances, 
must depend essentially on some change in the phrenic nuclei brought about by 
severance of the phrenic nerve. The nature of this change remains the most in- 
teresting aspect of the crossed phrenic phenomenon. The recent claim of Dolivo 
and Fleisch (18) that sectioning one phrenic increases the electrical activity of the 
opposite phrenic, even when all afferent nerves affecting respiration have been sec- 
tioned, seems pertinent to a solution of this problem. 


SUMMARY 

The ‘crossed phrenic phenomenon’ consists of the reactivation of a hemiplegic 
hemidiaphragm by section or block of the contralateral active phrenic. Experi- 
ments on rabbits are reported with reference to the role of the vagi in this phenome- 
non. Crossed respiration was produced by activation of Hering-Breuer afferents by 
partial occlusion of a tracheal cannula (section A, figs, i and 2). Crossing was 
produced by section of the vagi alone (section B, fig. 3). 

Four animals which did not cross on phrenic block or on vagal section showed 
poor respiratory responses to partial tracheal occlusion and external compression of 
the thorax (section B). High frequency stimulation of the central end of the cut 
vagus stimulated crossing (section C, fig. 4). Low frequency stimulation of the 
vagus inhibited crossing (section C). After vagal section had caused crossing, an 
increase in crossing still occurred after inactivation of the functioning phrenic 
(section D, fig. 5). No afferents inhibitory to respiration could be demonstrated in 
the phrenic ner\'e with the technic used (section E). The discussion is concerned 
with the hj^pothesis that under certain conditions crossing could be produced by 
changes in afferent impulses from the lungs resulting from inactivation of the phrenic. 
It is emphasized that the essential problem of the crossed phrenic phenomenon re- 
mains to be solved. 

We wish to express our appreciation of the assistance rendered during this investigation by 
Miss Ruth Stern ancJ Mr. David Sheldon. 
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BLOOD SUGAR AND DEXTROSE TOLERANCE DURING 

ANOXIA IN THE DOG^ 

J. CLIFFORD STICKNEY, DATO W. NORTHUP and EDWARD J. VAN LIERE 
'From the Department of Physiology^ School of Medicine, West 'Virginia University 

MORGANTOWN, AVEST VIRGINIA 

R elatively few studies of the blood sugar response of dogs to anoxic 
anoxia have been reported. McQuarrie el al. (i) have determined the 
^ hyperglycemic response of fasting dogs exposed for 2.5 hours to 4. 5-5.0 
per cent O2, an extreme degree of anoxia, after a gradual transition from room air. 
They found increases of between 30 and 150 per cent in the blood glucose level. 
Lewis et al. (2) found no change in blood glucose levels at the end of 24 hours at a 
PO2 of 80 mm. Hg. As Kelley and McDonald (3) have recently stated, there are 
contradictory reports in the literature regarding the effects of anoxia on dextrose 
tolerance. They found that it was decreased in their 3 dogs at simulated altitudes of 
i8,oco and 24,000 feet. 

We have determined, in strictly unacclimatized dogs, the threshold degree of 
anoxia which will produce hyperglycemia, the extent of the hyperglycemia at various 
altitudes and the change in blood glucose level over time at a simulated altitude of 
28,000 feet. We haye also determined the dextrose tolerance in 7 dogs at a simulated 
altitude of 28,000 feet. 


METHODS 

Ninety healthy normal dogs which, to our knowledge, had never before been exposed to anoxia 
and which had been fasted approximately 20 hours, were used to study the hyperglycemic response 
to anoxia. These dogs were exposed without anesthesia to the five simulated altitudes (in a de- 
compression chamber) and for the time intervals showm in table i. The fasting blood sample was 
dravTi from the saphenous vein immediately before the ascent to the simulated altitude. (Blood 
samples taken in 20 dogs immediately before and after a 15-minute stay in the decompression chamber 
at ground level showed that the blood sampling procedure did not elevate the blood sugar in the 
average dog.) The ascent to the simulated altitude was made rapidly, that is, in about 70 to 160 
seconds, depending upon the altitude. The descent at the end of the period of anoxia took 20 to 
25 seconds. The second blood sample was draum Avithin 1.25 minutes on the average after descent. 

In 42 of tlie dogs hemoglobin was determined on the fasting blood sample by the Sahli method. 

Seven dogs ivere used for the studies on dextrose tolerance, but exposure to altitude or the 
administration of glucose Avere not repeated more often than once a AA’eek in order to minimize the 
cumulative effects. After taking the fasting blood sample, 1.5 gm. of glucose per kg. of body Aveight 
Avere injected as a 25 per cent solution intravenously. The dog was then exposed immediately to a 
simulated altitude of 28,000 feet. At 15, 30, 60 and 90 minutes after the beginning of the ascent the 
dog AA’as returned briefly to ground level (2 min. on the average) for blood sampling. For the dextrose 
tolerance determination at ground level, the blood samples Avere draAA’n at corresponding time inter- 
A'als. The hj^perglycemic response of these dogs to 28,000 feet was determined on blood samples 
draAA’n similarly. In all but one dog each procedure AA’as repeated three times. 

All blood sugar determinations Avere made by the method of Folin and Wu. 

Received for publication July 12, 1948. 

1 Presented in part before the American Physiological Society in Atlantic City, March, 1948. 
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RESULTS 

The blood sugar responses for various intervals of time to various degrees of 
anoxia are given in table i. It will be seen that 24,000 feet was the lowest simulated 
altitude at which a statistically significant elevation of blood sugar occurred when the 
duration of exposure was 15 minutes. The same duration at 28,000 feet produced a 
much greater elevation and at 32,000 feet the response was still more marked. The 
average blood sugar level after 15 minutes at the latter was significantly greater than 
at 28,000 feet (p: 0.007). 

The hyperglycemic response at 28,000 feet was greatest after an exposure of 30 
minutes. As the length of exposure was increased the hyperglycemia at the end of the 
time interval became less till after 60 minutes the blood sugar level was below that 
after 15 minutes. It should be emphasized that in order to avoid the use of dogs 
adapted to anoxia in any degree, the response for each altitude and/or duration of 
exposure was determined on dogs which had never been used before. 


Table 1. Blood sugar respokse of fasted dogs exposed for various 

INTERVALS OF TIME TO VARIOUS DEGREES OF ANOXIA 
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The extent of the elevation of blood sugar produced by anoxia was negatively 
correlated with the fasting blood hemoglobin concentration, but the degree of cor- 
relation was quite low (r: — 0.42; N: 42). 

The dextrose tolerance cur\'cs at ground level and at 28,000 feet along with the 
hrjKrrglycfmic resjionse of the same dogs are shown in figure i. The curves arc the 
average nrsuUs on 7 dogs and are expressed as per cent increases above the fasting 
blood sugar level ivhich avcragtil 109 mg>Too ml. 

'rise dextrose tolenincc curve during anoxia had a maximum at 15 minutes which 
was i-omewhat below that at ground level. In sjiite of this, at 60 and 90 minutes the 
curve v.Ti< idevatcd .and tended to approach the curv'c of the simple hyperglycemic 
rc.'pfn.'c to .ar:oxb a.s the control dcxtro.'c tolerance curve approached the fasting 
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St'vri, The avenicc bhxKl sug.ar levels at 60 and 90 minutes of the dextrose tolerance 
curve during n.n'oda were sirrnificantly (p: o.oi) elevated above the corresjKUuling 








111!-, of course, indicates that dextrose tolerance was 
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A comparison of the hyperglycemic response to simple anoxia (lower curve of 
fig. i) when the exposure was interrupted by descents to ground level with that when 
it was not so interrupted (table i) reveals that the two were not alike in all aspects. 
The maximum occurred in the former at the end of 15 minutes while in the latter it 
occurred at the end of 30 minutes where it was significantly greater (p: 0.008). 
The blood sugar levels at 15 and 60 minutes, however, were about the same for 
both. 



Fig. I. ErrECT or anoxia on the dextrose tolerance of 7 dogs. Dextrose tolerance at ground 
level (open circles); dextrose tolerance at 28,000 feet (crosses); hyperglycemic response to interrupted 
anoxia (filled circles). 


DISCUSSION 

McQuarrie el al. (i) have shown that in the dog the adrenal glands are necessary 
for the hyperglycemic response to anoxia. The blood sugar level reached, however, 
is due to the participation of both the sympathetic (adrenals) and paras3Tnpathetic 
(pancreatic islets) divisions of the autonomic nen^ous system in w'hich the former 
is dominant. The secretion of epinephrine, apparently, is responsible for the blood 
sugar elevation during relatively short exposures to anoxia. 

The work reported here indicates that an altitude of 24,000 feet for 15 minutes 
can produce a threshold mobilization of blood sugar. Higher altitudes for a similar 
lengtli of time cause a proportionate increase in the response. The failure of Kelley 
and McDonald (3) to find an elex'ation of blood sugar at 24,000 feet can be ascribed 
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to the short length of exposure (approximately 5 min.), possibly to their failure to use 
strictly unacclimatized dogs and to the limited number of experimental animals 
used. The role of the S3Tnpathico-adrenal system in elevating blood sugar under 
greater anoxic stress can not be called into question by the results reported by the 
above authors. The threshold in anoxic stress which will initiate other adaptive 
reactions of the body is considerably below that for hypergljmemia. The mobili- 
zation of blood sugar has long been recognized as an emergency response of the 
homeostatic mechanisms (4). As might be expected, the duration of exposure is a 
factor in setting in motion such mechanisms. Thus, the results of our study indicate 
that a 30-minute uninterrupted exposure to 28,000 feet is as effective as a 15-minute 
one to 32,000 feet in elevating blood sugar in dogs. Continued exposure at 28,000 
feet results in a decline in blood sugar level. Gellhorn and Packer (5), in rabbits, 
have concluded that prolonged anoxia leads to a loss of the earlier glycogenolytic 
activit}-^ of epinephrine, the secretion of which was presumed to continue. How- 
ever, the possibility that epinephrine secretion may decline under such circumstances 
or that other hormonal and/or nervous mechanisms may intervene, have not been 
strictlj' excluded. 

The percentage increase in blood sugar at the end of 15 minutes in the dextrose 
tolerance test at altitude was not quite so great as at ground level. The additional 
mobilization of blood sugar by anoxia might have been expected to cause this point 
to be elevated above that of the control. This mobilization may not have been 
present, for Safford and Gellhorn (6) have shown that in the rat the reactivity of the 
sympalhico-adrenal s>'stem decreases with rising blood sugar level. It is not ap- 
parent (inasmuch as no obvious correlation between fasting blood sugar levels and 
blood sugar rises due to anoxia could be found in our results) whether or not such an 
effect holds for the dog. Another possibility is the greater urinary loss of glucose in 
anoxia. From the work of Toth (7) on unanesthetized dogs it could be predicted 
that urine excretion would be elevated some 50 to 65 per cent by the degree of anoxia 
in question here. Since the blood sugar level was above the renal threshold in our 
e.vperimcnts, one would have e.xpccted a greater loss through glj'cosuria in the dogs 
at altitude than at ground level. 

The elevated |x)ints in the dextrose tolerance curate during anoxia at 60 and 90 
minutes are cv’idence that tolerance was decreased. From inspection of the records, 
the flccrcjiscd tolerance appears to be due to the persistence of the hyperglycemic 
re.qKinsc to anoxia. If the sympathico-adrcnal system had initially been suppressed 
(as suggested by Safford and Gellhorn) by the artificially produced high blood sugar 
level, it seems to have been activated as the cxijcrimcnt progressed. It is possible 
that other factors may be involved as suggested by Kelley and McDonald (3): 
c') insnlTtrient oxygen for enzymatic sjastems involving cxirbohydratc; h) increased 
adrer.al cortierd activity. Our results, although obtained under conditions differing 
in important asjwcts, confirm !ho=c of the latter authors in respect to dextrose 
tfi’icrar.cc during anoxia in the dog. 
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iiyperglycemia in the average dog is that at 24,000 feet for 15 minutes. Exposures 
to 28,000 and 32,000 feet for the same length of time invoke proportionately greater 
elevations of blood sugar. Wlien length of exposure at 28,000 feet was varied from 
15 to 60 minutes the maximum rise was seen at the end of 30 minutes. Blood sugar 
level then declined mth contmued exposure. 

Dextrose tolerance at a simulated altitude of 28,000 feet was found to be signifi- 
cantly decreased on the average in the 7 dogs studied. 
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ROLE OF THE HERRING-BREUR REFLEX UNDER 
DEEP PENTOTHAL ANESTHESIA 

J. C. SCOTT, E. A. REED, D. SARIS and H. P. REDONDO RAMIREZ 
From the Department of Physiology, The Hahnemann Medical College 

PHTLADELPIUA, PENNSYLVANIA 

S E\TLRAL reports have appeared in the literature on the stimulating eflfect to 
respiration of pressure on the thoracic wall (i, 2). More recently reports 
have been published on a reflex response purportedly originating in the 
tlioracic wall of the dog during periods of respiratory arrest induced by intravenous 
pentothal (3, 4). According to these observers the respiratory response was elicited 
by light pressure applied to the region of the fourth rib, at a point of common in- 
sertion for the scalenus medius and rectus abdominis muscles in the dog. The as- 
sumed reflex basis for these results has been questioned (5, 6), The observations to 
be reported here were undertaken with the hope of quantitatively evaluating the 
strength of stimulus necessary to elicit this response. Later the e.xperimental pro- 
cedure \vas applied to a study of the effects of unilateral and bilateral vagotomy and 
of unilateral pneumonectomy. 


PROCEDURE 

Fifty-six experiments were performed on 40 some dogs. The animals were anesthetized by 
inlrapcrilone:il injection of 35 mg. nembutal or pentothal sodium per kg. Oxygen was given by 
intratracheal insufflation at a rate of 0.5 to 3 liters per minute. Intrapulmonic pressure was main- 
tained at atmospheric values. Cyanosis was absent. Respiration was recorded by a tambour 
connected to an endotracheal tube. The cx})crimental procedure consisted in studying the response 
to stimulation during periods of rc.spirator>’ arrest induced by intravenous pentothal or nembutal. 
In the earlier e.xf)eriments attempts were made to maintain a constant dcjjth of respiratory depression 
by controlling the rate of intravenous drip of 2.5 per cent pentothal. In later experiments i cc. or 
2 cc. of 7.5 per cent pcntotlial was injected intravenously and periods of arrest varying from a few 
minutes to over an hour were ol)laincd. In some cases similar results were obtained by using 2.S 
per cent npmliut.al intravenously. 

In order to evaluate tlic effcctvc strength of stimulus, a looo-gm., 500-gm. or 200-gm. weight 
v-wr. applied to a freely moving [tiston in contact with the chest wall. The approximate rate of 
recovery of excit.ability was e-.iirnatcd by determining the minimal stimulus at lo-second intervals 
lUiring tlie pericei of inbi'oiiion. Similar oliserv.ations were made on o dogs subjected to unilateral 
or bii.Ucral vagoturny and on 0 dogs with unilateral jmcumonectomy. In 4 of the latter, care was 
t'.'.krr. to svrri<! injury to the sc.alenus and rectus muscles tluring the operation. Respiratory rates 
«efii- alv> ilftt-rmir.i-'i on .vene of these animals under normal unanesthetized conditions for periods 
t;p to eie.bi muriths following the oje-ration. 


RESULTS 


Ou.i.ntitative rneantireinenls of the minimal stimulus during jtcriocls of arrest were 
nay f.-irtiariy The duration and dej)th of inhibition varied with the <!o;'e 
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and the inten’-al of time between injections. If i-cc. doses of pentothal were used and 
a five-minute period of spontaneous breatliing between periods of inhibition was 
allowed, fairly reproducible curves could be obtained. No attempt was made to 
estimate the concentration in the blood or rate of ebmination of the anesthetic. 
Figure i is shown to indicate the t3'pe of result commonh'' obtained with i-cc. doses 
of 2.5 per cent pentotlial. Nembutal produced longer and apparentl}'^ shallower 
periods of inhibition. Reflex response to the weight could be elicited readil}' in a 
zone extending from the second to the sixth rib along the sternal margin. Areas of 
the thoracic wall bordering the spinal column were less sensitive. Section of the 
scalenus medius and rectus abdominis muscles did not abolish the reflex response dur- 
ing pentothal inhibition. On the otlier hand, stretching these muscles failed to elicit 
a response. In two experiments the reflex was obtained by appljdng light finger 
pressure to the parietal pleura after resection of the fourth rib and removal of the 
adjacent thoracic wall. Responses were mainly diaphragmatic and in some instances 



Fig. I. Minimal stimulus duking periods of pentothal inhi- 
bition. The broken line represents the average of a series of runs on the 
same dog. Due to the variability in duration of inhibition (280 sec. to 
580 sec.) the percentage of total time is used. 

a subminimal stimulus was observed to cause relaxation of the abdominal wall without 
detectable contraction of the diaphragm. 

In a preliminary report (5), it was stated that certdeal vagotomy on the right 
side abolished most of the response to stimulation. Subsequent obser\’'ations have 
shown that the effects of unilateral vagotomy depend upon the position of the animal. 
If it is lying on the vagotomized side the period of respirator}’- arrest is greatlypro- 
longed and the response to stimulation on the upper side is markedly reduced or 
abolished. Reversing the position of the animal in the middle of a period of respira- 
tor}’ arrest, so that the vagotomized side is up results in increased sensitivity to the 
reflex or in the immediate resumption of spontaneous breathing. Alternate periods 
of inhibition and spontaneous breathing can be produced by this means with great 
regularity. The periods of spontaneous breathing are frequently characterized by an 
early slowing of rate apparently by a process of adaptation. Figures 2 and 3 illustrate 
the type of record obtained with unilateral vagotomy and unilateral pneumonectomy 
respectively. Thus the threshold to stimulation and the duration of inhibition for a 
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given dose of pentothal in a unilateral vagotomized animal depend upon which side 
the animal is hung. Bilateral vagotomy abolished the refle.x response and further 
prolonged the period of inhibition. The effects of unilateral vagotomy appear to 
persist indefinitely in the recovered unanesthetized animal; for example, the average 
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Fig. 2. Respiration in a dog with a right unilateral cervical vagotomy. The numbers 
under the time record are minutes since the fast dose of nembutal (2.0 cc. of 2.5%). The state of 
anesthesia was such that the dog was not only in apnea but it was also refractory to i kg. stimulus 
when it was lying on its right side. On its left side, it breathed spontaneously. 
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Fi". 5. ResPIUATION in a dog with I.EKT-SIDEl) rNr.U-MONECTOMy. 

The numlK-TS under the time record arc minutes after the last dose of 
tvvmtrt’.t.a! (i cc. of 2,5''.','). 

rcspinitoTA' rate in a do^ vrith left siderl cervical vagotomy, about 4 months post 
ojKriTitive, '.v.T? 77 when lying on the right side, and iS when lying on the left side. 

'i’rse rc'jvirisc-?. tinder deep pentothal anestlicsia were studied in 6 dogs from two 
weeks to eiglit months foilowing unilateral pneumonectomy. In each instance the 
patttri! of re-tvin-e riuring pentothal inhibition ffiilowed that of unilateral cervical 
vaeotomy, i o.. Iving on tlte ojwratirrl siiie dejire.'Sed sensitivity to the reile.x contjiarcd 
to tin- fvppo-oe lliv |ierirKl of inhihition was aiso longer and spontaneoim 
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breathing was slower. These animals also showed a marked difference in respiratory- 
rate with change in position when unanesthetized. In a typical case, seven months 
postoperative, the rate was 21 when lying with the pneumonectomized side up com- 
pared to a rate of 15 when in the opposite position. 

DISCUSSION 

None of the above results confirms the suggestion of Draper and Whitehead (4) 
that the reflex is ehcited by stretching the rectus abdominis and scalenus medius 
muscles by applying pressure at the point of their common insertion. Response to 
stimulation over a relatively large area of the thoracic wall and disappearance of 
response following bilateral vagotomy rather suggests that it is elicited by deformation 
of lung tissue exciting receptors of the Herring-Breuer reflex. Much of the rhyth- 
micity of normal respiration is ascribed to this mechanism. The remarkable sensi- 
tivity of these receptors to deformation has been shown repeatedly. Adrian (7) 
found that impulses in pulmonary afferent fibers varied rhythmically with the heart 
beat when. there was compression of adjacent lung tissue. Hammouda and Wilson 
(8) observed respiration in the anesthetized dog whose thorax had been enclosed in 
an air-tight box. Under these conditions an increase in pressure on the outside of 
the thorax of only a few mm. Hg increased the respiratory rate. 

That such a reflex could operate under deep anesthesia is indicated by observa- 
tions of Whitteridge and Biilbring (9). Indeed these investigators think that many 
of the respiratory effects of various anesthetics are due to specific changes in ex- 
citability of the pulmonary stretch receptors (10). Further evidence for the rugged- 
ness of this reflex is found in Adrian’s report that discharge of pulmonary afferent 
fibers persisted as long as fifty minutes after cessation of circulation. 

The responses to change in position described above may be explained tentatively 
in terms of lung deformation produced by the gravity shift of mediastinal structures 
such as the heart. In the intact animal lying on its side, the apphcation of pressure 
to the thoracic wall causes deformation of the underlying lung tissue. The medias- 
tinal structures, particularly the heart, tend to stretch the upper limg, but to com- 
press the lung on the under side. Presumably the balance between excitatory and 
inhibitory influences is upset by the application of a mechanical stimulus to the chest 
wall which reduces the degree of stretch of the lung on the upper side, but exag- 
gerates the retraction of the lower lung. Section of the vagus nerve on the upper 
side removes the inhibitory effects of the stretched lung allowing the excitatory effects 
of the lower lung to predominate. Wflien the position of the animal is reversed by 
placing the vagotomized side down, the excitatory impulses from the lower lung are 
removed and inhibitory influences of the upper side predominate. A similar ex- 
planation may be applied to the results obtained with the unilateral pneumonecto- 
mized dog. The attempts of Anderson and Lindsley to demonstrate unilateral 
effects from lung receptors on the intercostal muscles were unsuccessful (ii). Adrian 
however, reported changes in frequency of single afferent vagus fibers in response 
to change in position of the rabbit. 

The results of the experiments reported here might indicate that, in the dog at 
least, a bilateral balance of opposing influences from the Herring-Breuer receptors 
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are normally acting upon the respiratory’- center. These effects are demonstrated 
by changing the position of the deeply anesthetized animal whose lung afferents have 
been sectioned on one side, or by observing the efiect of position on the respiratory 
rate in the same animal when unanesthetized. The results also support the claim of 
WTritteridge and Btilbring that the Herring-Breuer reflex persists with deep anes- 
thesia when other reflex mechanisms have been abolished. 

Preliminary- obser\’ations on man, following unilateral pneumonectomy, liave 
shown little difference in respiratory’- rate -witli change in position during the post- 
operative convalescent period. Six out of nine patients examined had an average 
increase in rate of only 10 per cent when tying on the unoperated side. Two facts 
may account for this; the mediastinum is less flexible in man than in the dog and post- 
operative procedures to prevent mediastinal shift are commonly employed when 
pneumonectomy- is performed in man. Change in position in one pneumonectomized 
patient under deep pentothal anesthesia produced slight changes in respiratory rate 
which were in the same direction as those observ’ed in the experimental animal. 

smaiARY 

The minimal pressure required for a reflex respiratory response during pentothal 
inhibition may be used to measure the rate of recovery of excitability. Reflex 
respiratory responses to light pressure on the chest wall in the deeply anesthetized 
dog are abolished by bilateral cervical vagotomy\ Unilateral cervical vagotomy or 
unilateral pneumonectomy enhances the reflex response of the deeply anestlietized 
dog when tying with the operated side up; when the operated side is down the reflex 
response is depressed. The unilateral vagotomized or unilateral pneumonectomized 
dog has a faster respiratory rate when lying with the operated side up than in the 
opposite position. This difference in rate with change in position persists indefi- 
nitely in the unanesthetized animal. 
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PROPRIOCEPTIVELY INDUCED REFLEX PATTERNS ^ 

G. N. LOOFBOURROW akd E, GELLHORN 
From ihe Department of Physiology, University of Minnesota Medical School 

inNJTEAPOLIS, MINNESOTA 

I ITTLE is knoMTi concerning the specific distribution of the peripheral effects 
of proprioceptive reflexes initiated by muscle stretch. A considerable por- 
tion of the available information is based on mechanical records of con- 
traction. The present e.xperiments were undertaken to determine by multiple 
electromyographic recording the response pattern in a selected group of arm muscles 
when one or several of them are stretched. 

Lloyd (i) has conclusively demonstrated that the 2-neuron-arc myotatic reflex facilitates 
synergists of the muscle in which the afferent impulses arise and inhibits its antagonists. These 
effects are restricted to muscles acting at a single joint. Bineuronal reflex arcs, however, account for 
only a small fraction of the afferent fibers from skeletal muscle. Afferent impulses leading to mul- 
tineuron reflex responses are almost certainly aroused by muscle stretch, for there is evidence of a 
spread of activity beyond the limits established by Lloyd for bineuronal reflexes. Denny-Brown (2) 
observed an excitation of the ankle extensor, soleus, in response to stretch of the knee extensor, 
quadriceps. Sherrington (3) demonstrated the response of certain contralateral limb muscles to 
stretch of the vastocrureus or the triceps surae. 

Not only passive stretch, but also actively developed tension, results in proprioceptive reflex 
responses. These effects, too, extend beyond the limits of bineuronal representation established by 
Lloyd. For example. Cooper and Creed (4) showed that a proprioceptive reflex arising in the active 
tibialis anticus (upon stimulation of the appropriate ventral root) induced a contraction of the sar- 
torius. Preventing the tibialis from shortening during its contraction, thus increasing its developed 
tension, resulted in a much stronger contraction of the sartorius. Gellhom (5) has shown that pro- 
prioceptive reflexes arising in a muscle held under stretch during cortical stimulation augment the 
response {electromyograms of greater amplitude-) of its associated synergists at a neighboring joint, 
as well as its own. 

Although Gay and Gellhom have recently found that either passive stretch or actively devel- 
oped tension of muscles (stimulation of a ventral root) excites the motor cortex (7), Gellhorn's ob- 
servations show that the cortically induced response is altered only quantitatively and not qualita- 
tively, by proprioceptive reflex facilitation. In other words, the pallern under the conditions of the 
experiments is determined by the site of cortical stimulation and modification of the response by 
proprioceptive reflexes is limited to alterations in the relative intensities of muscle response 'within 
the pattern. It may be assumed that if proprioceptive reflex activity is aroused in the absence of 
specific cortical stimulation the pattern of response will be a function of the spinal cord and not of the 
cortex. The following experiments show' that proprioceptive impulses, set up by stretching a muscle, 
activate muscles in specific patterns similar to those found by Bosma and Gellhom (8) to be elicited 
bj' cortical stimulation. These patterns include functionally associated muscles acting at neigh- 
boring joints. 

Received for publication July 15, 1948. 

^ Aided by a grant from the National Foundation for Infantile Paralysis, Inc. 

- It has been e.xperimentally demonstrated that under cortical stimulation, E.M.G. amplitude 
is a reliable measure of the mechanical response (6). 
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ilETHOD 

Cats and monkeys were anesthetized with Dial-urethane (Ciba)*, 0.45 cc/kg., 
i.p. Potentials were led ofif by means of fine wires sewn into the muscles, amplified 
and recorded by an Offner crj'stograph. Drills were inserted in the humerus and 
ulna and fixation achieved by metal braces attached to the drills. Proprioceptive 
stimulation was accomplished either by passive movement of a joint or by a load 
applied to the tendon of a muscle. The biceps, triceps, flexor carpi (usually ulnaris) 
and e.xtensor carpi (usually radialis) and the brachioradialis were routinely used. 


RESULTS 


Stretch of Elbow Extensors. In a sensitive preparation, a slight flexion of the 
elbow (e.g., reducing the angle from 90° to 75°) leads to excitation of the triceps and 
fle.\'or carpi. The flexor carpi responds even after it has been tenotomized and, there- 
fore, is presumably not affected mechanically by the elbow movement. Moreover, 


A B c 
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Fig. I , Rf-SPOXSi: to kluow rLEXiox before and after tenotomizing the triceps brachii (TRI) 
and the response to a pull on the triceps tendon. Monkey. .-I, The flexor carpi ulnaris (FCU) has 
been tenotomized. Elbow flexion excites the TRI-FCU complex. B. After triceps tenotomy, 
elbow flexion elicits no response. C. .4 pull on tlie triceps tendon excites the TRI-FCU complex. 
Co-contraction occurs in the biceps (BI), whose response is favored by an obtuse elbow angle (120°). 
Vertical axis = 60 pv. In all figures (read from left to right) the horizontal axis equals i sec. 


the response in the flexor carpi is as great as the maximal response obtainable by a 
rlircct pull on its cut tendon and this involves a pull of several hundred grams. 

Figure 1 illustrates the efTcct of tenotomizing the triceps on the reflex response 
to elbow fle.xion. Before tenotomy' of the triceps, flexing the elbow to 60° resulted in 
good responses in both the triceps and flexor carpi. This result persisted after tenot- 
omy of the flexor carpi (fig. i.A). After tenotomizing the triceps also, even greater 
flexion elicited no rc5])on.sc in either muscle (fig. iB) although both still responded to 
n pull on the triceps tendon (fig. iC). This shows conclusively that propriocojitivc 
intpulses arising in the triceps as a result of its passive stretch reflexU’ e.xcite the 
fi’-xor carpi. 

r’i.turi‘ if.' sl'.ows ifirit a pull on the tenotomized triceps inducer! a distinct 
E.M.t i. in t’nc iHcep*;. although the reflex indurcri fircviously in the same preparation 
\<v of the eh/ov.' f.iiled, to do so ffig. tA). It is suggested that the difierent 
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behavior is due to the fact that the pull on the triceps tendon (fig. iC) was exerted 
while the elbow was at an obtuse angle Avhich is proprioceptively favorable to the 
biceps, whereas in figure lA the triceps was proprioceptively excited through move- 
ment of the elbow to an acute angle which is unfavorable to the biceps. It was noted 
in an earlier study (5, 6) that proprioceptive reflexes in response to cortical stimula- 
tion occur preferentially in the stretched muscle. However, this induction of activ- 
ity in the antagonist (‘co-contraction’) shows considerable individual differences 
which may in part be due to the degree of tonic activity (8). A rather strong co- 
contraction is illustrated in figure 2A. Flexing the elbow to 45° activates the tri- 
ceps complex (TRI-FCU) although the flexor carpi is tenotomized and activates the 
biceps complex (BI-ECR-BR) to a lesser degree. That the activity of the latter is 


A 


B 


c 



FIG. 2 


Fig. 2. Response to elbow flexion and extension before and after tenotomizing the triceps 
and biceps, respectively. Monkey. The flexor and extensor carpi were previously tenotomized. 
A. Flexing the elbow to 45° activates the TRI and the tenotomized FCU. Co-contraction occurs 
in the biceps complex. B. After tenotomy of TRI in addition to the carpal muscles. Extension 
of the elbow elicits the same response as was observed prior to the tenotomy of TRI, i.e. activation 
of the biceps (BI)j brachioradialis (BR) and the tenotomized extensor carpi radialis (ECR). Flexion 
now activates nothing, showing that the stretch reflex arising in TRI in A was responsible for the 
excitation of FCU and the co-contraction of BI. C. After tenotomy of BI also, elbow extension 
does not activate the BI, and the response of the associated ECR and BR is reduced. Vertical axis 
= 3(Xi microvolts in channel 2, and 30 microvolts in all other channels. 


a co-contraction dependent on the proprioceptive triceps reflex is shown by the fact 
that, after tenotomy of the triceps has abolished its own response to elbow flexion, 
the biceps complex is also silent (fig. 2B, 45°). Summarizing our experience it may 
be said that the biceps and extensor carpi may be unaffected by elbow flexion, may 
exhibit a slight co-contraction, or may show an inhibition of tonic activity. 

Stretch of Elbow Flexors. Extension of the elbow (fig. 2B) results in markeP 
activity of the biceps, extensor carpi and brachioradialis. The response in extensor 
carpi radialis cannot be attributed to its being stretched by extension of the elbow, 
for its tendon had been cut. It therefore appears that its response is due to reflexes 
arising in other muscles which are stretched, such as the biceps and brachioradialis. 
The association of a response in the unstretched extensor carpi with one in the 
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stretcbed brachioradialis may be seen in figure 2C. The biceps had been tenot- 
omized, therefore neither responded nor contributed to the response of the other 
muscles. The lesser response in the ‘triceps complex’ (triceps-flexor carpi) is rather 
insignificant (fig. 2B) and is best explained as a slight co-contraction (8, 5). 

A load on the biceps tendon likewise elicits a strong biceps-extensor carpi re- 
sponse (fig. 3). In this case the angle of the elbow is fixed and there can be no sus- 
picion of a direct mechanical effect on the extensor carpi. 

Slrcich of Wrist Extensors. In experiments with stimulation of the motor cortex, 
Gellhorn (5) found that the proprioceptive facilitation within a muscle complex may 
act in either direction, e.g., from biceps to extensor carpi, or the reverse. Apparently 
reflexes elicited by stretching a carpal muscle may induce similar reflex responses in 
specific upper arm muscles in the absence of cortical stimulation, since it was found 
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FIG. S 


FIG. 6 


Fig. 3. Rnspo.vsc to a load of 500 c. on* the biceps tendon*. Cat, all tendons intact. The 
rcsiwnse is primarily limUccl to the BI and its ‘associated s>Ticrgist’ ECR. A lesser ‘co-contraction’ 
occurs in the antagonistic complex. Vertical axis = 100 yiv. 

Fig. 4. Rf-Sponse to volar flexion* of the cat’s wrist to 80°. The principal response is in 
the ECU and its ‘associated synergist’ BI. The lesser response in the antagonistic complex is 
designated co-contraction. Vertical axis = 100 fiv. 

F'ig. 5. Rilsfonse to a = 500 c. load on an extensor carpi in the cat. The chief response 
h in the stretched ECR. Note that the response of the BI is initially strong, in contrast to the 
gradual development of the ‘co-contraction’ in thcTRI. Vertical axis = 100 ;iv. 

Fig. 6. Rr.sPON.SE to a 5C0 = o. load on the tendon* of the flexor carpi in the cat. Note 
the excitation of the TRl and FCU. The tonic acitivity in the BI shows inhibition, during which 
t he 7'RI-FCU response is augmented. Vertical axis = 30 nv. 


that volar flexion of the wrist excites the biceps-extensor carpi complex (fig. 4)- The 
antagonistic complex may show co-contraction as in figure 4 or may be silent, 

A load applied to an e.xlensor carpi likewise excites the biceps. Figure 5, rc- 
cordetl in the same cat as figure 4, shotvs that even lliough the stretch is limited to 
only one extensor carpi, the biceps re.sponse is good. It will be noted that in this 
record l!ie tricep? and flexor carpi were tonically active before tlie load was ap{)licd to 
tl'.e e.xtcn?or caryii. 'This tonic activity resulted from fixation of the wrist at 180 
i'.xien?inn, Besjiite this fixation in a po.sition favoring the triceps-flexor carfii com- 
plcg, stretch of th.c e.xlensor carjd (load) yielded jirimariiy a biceps-extensor carpi 
rc.ip-'imv. ."Mthontth tlie tricep? rc?j>onse is fairly strong, it is generated .slowly iu 
fontr'i.n to an initially strong response in biceps. There can be no rca.sonabic doubt 
th.at il'.e rcirnarx* rr?ir>nse i.s th.af. of fhe bmcps-exlensor carpi comple.x and that the 
a-tivity in th>- triceji --tlexor raq>i complc.x is a co-contraction. 

S:ry'-:h rf Wr-A: rlr.ron. Stretching the flc.xors carpi by c.xtcnding the wrist 
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may result in a triceps-flexor carpi response as described in the preceding paragraph 
(fig. 5, extreme left). However, this cannot be consistently demonstrated, presum- 
ably because this degree of stretch of the wrist flexors does not always generate 
sufficient impulses. It can be demonstrated, however, that even though wrist ex- 
tension fails to elicit a response in triceps, the latter’s response to stimulation of an 
appropriate afferent nerve is facilitated (unpublished observations). This is in 
agreement with Gellhorn’s observation of proprioceptive facilitation under conditions 
of cortical stimulation. Moreover, direct application of a load to the tendon of a 
flexor carpi regularly results in a triceps response. In the experiment of figure 6 
this reaction appears as an augmentation of tonic activity in the triceps. The antag- 
onistic complex may show notliing, a co-contraction, or an inhibition. In figure 6 
the biceps shows initially a slight co-contraction, followed by inhibition during which 
the activity of both triceps and flexor carpi is slightly augmented. 

DISCUSSION 

This study has shown that reflexes of proprioceptive origin result in patterns of 
muscular coordination identical with those resulting from cortical stimulation. The 
myotatic reflex arising in a single muscle has been shown to excite not only this 
muscle and its synergists at the same joint, but ‘associated synergists’ acting at a 
neighboring joint as well. It was frequently noted that even greater activity could 
be evoked in a muscle by impulses arising proprioceptively in other muscles than by 
autogenous proprioceptive stimulation. Antagonists frequently show the inhibition 
expected from reciprocal innervation, but also frequently show co-contraction. This 
is not surprising, since fixation of a limb, when it involves the stretching of antigravity 
muscles as in the ‘supporting reaction’, leads to simultaneous contraction of flexors 
and extensors. 

The complete agreement between the proprioceptive reflex patterns described 
in this paper and the modification of motor response through fixation in cortically 
induced movements suggests that the same mechanism is involved in both sets of 
experiments. Apparently postural changes (fixation of a joint, etc.) modify the 
effects of stimulation of the motor cortex through proprioceptive reflexes, but whether 
this modification is exclusively spinal or involves supraspinal mechanisms has not 
been investigated. Further experiments on the persistence of these specific reflex 
patterns of the stretch reflex after spinal transection, as well as the influence of deaf- 
ferentation of a limb on the pattern of movement elicited by cortical stimulation, 
may clarify these questions. 

Although these experiments have been restricted to a few muscles, the results 
suggest that any muscle of a limb is potentially subject to some regulation by pro- 
prioceptive impulses arising in all other muscles of that limb and that this mechanism 
is of great importance in muscle coordination no matter whether. movements are 
elicited by reflex or by cortical mechanisms. 

In view of these results, the observation that in certain cases of poliomyelitis a 
muscle which cannot be made to contract by voluntary effort may be excited by pas- 
sively stretching another muscle, even an antagonist (9), or by a voluntarj’- effort to 
contract other muscles (unpublished observations), appears less paradoxical. These 
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and related data (lo) should be taken into consideration in a program of muscle 
reeducation. 


SmiMARY 

A study of proprioceptive reflexes is reported in which the effect of passive 
movements of the elbow and wrist joint or the action of pulling the tendon of an 
individual muscle is investigated by means of electromyograms. The experiments 
were performed on anesthetized cats and monkeys with the following results: 

1. Passive movements of the elbow lead mainly to activity in the triceps and 
flexor carpi on flexion and to activity in the biceps and extensor carpi on extension. 
These effects persist even after tenotomy of the carpal muscles, but are abolished by 
tenotomy of the biceps and triceps. In the latter case the application of a load to 
the triceps again induces activity in the triceps complex (triceps-fl.exor carpi). 

2. Stretching of wrist muscles by passive movements or by loading of an in- 
dividual muscle induces activity in the upper arm muscles. Here again the effect is 
specific inasmuch as stretching of the flexor carpi induces activity in the triceps while 
loading the extensor carpi induces activity in the biceps. 

3. If through passive movements or muscle stretch a considerable activity ap- 
pears in the stretched muscle and in a specifically associated muscle (e.g., stretch of 
biceps causing activity in biceps-extensor carpi and stretch of triceps causing activ- 
ity in the triceps-flexor carpi) the effect may also appear, but in lesser degree, in the 
antagonists of tliese muscles. This phenomenon is designated co-contraction. 

4. It is emphasized that the same specific muscle patterns established earlier 
by Bosma and Gcllhom in experiments on stimulation of the motor cortex arc pro- 
duced by the myotatic reflex. The latter has a specific but less restricted effect 
than has been assumed heretofore. 

5. Co-contraction as the result of the myotatic reflex shows the same features as 
seen in e.xperimcnts with stimulation of the motor cortex. 

6. The importance of this newer knowledge of the myotatic reflex for the problem 
of muscle reeducation is emphasized. 

REFERENCES 

I. Lioyd, D. P, C. J. turn physiol. 9: 439, 194O. 

D. Proc. Roy. Soc. {Londots) B 104-. 251, 1929. 

Siurpi’isnios, C. S. Quart J. Expil. Physiol. 2; 109, 1909. 

4. Coorr.p. S. and R. S, Crkcd. J. Physiol. 64: 199, 192S. 

5. GrU-iiORr.’, E. Brain. 71; :f>, 194S. 

9 , l4’K)ft!DUKKO’.v, G. N. J. Xeurophysiol. it: 153, 1948. 

7. Gay, j. ,\:;d K. Gr.tuiopN. Unpiili'.tshcfL 

S, 5 P>-.ua, j. r. AND E, Gr.i.i.noy:s. J. Xfurophysiol. 9: 263, Brain 70: 127 and ahs, i947- 

9. IVa ' IlW ,, I!. D. PhysP.thcrapy Rr:. 27: 221, 1947. 

3C. GrtSJi'/j-.N, K. .irci:. Pky;. M<d. 2?.; 568, 1947. 



ROLE OF CARBON DIOXIDE AND OF THE HINDBRAIN IN 
AGENE-INDUCED CANINE EPILEPSY^ 

MAURICE L. SILVERS and GEORGE H. POLLOCK^ 

From the University of Illinois, College of Medicine 

CHICAGO, ILLINOIS 

N ewell, Erickson, Gilson and Elvehjem (i) showed that dogs on a wheat 
gluten diet developed electroencephalographic patterns similar to those 
seen in human epilepsy. These changes could be detected as early as 
three days after the diet started and prior to the onset of clinical signs. In a previ- 
ous paper (2), this group described the electroencephalographic changes as high 
voltage slow waves with spiking. When they were fortunate enough to get an 
animal to have a seizure during a recording of the EEG, the typical picture appeared. 
Mellanby (3) first noted that bread made from flour treated with nitrogen trichloride 
caused convulsions in dogs. Silver, Monahan, Klein and Pollock (4) demonstrated 
that wheat protein treated with vaiying amounts of nitrogen trichloride was the 
responsible agent for the abnormalities in the EEG. The first changes seen were 
an increase in the amplitude of the cerebral potential which fused with an increased 
frequency. A day later high voltage-low frequency waves appeared. This picture 
was well established by the end of three days of diet and continued throughout the 
course of the intoxication. There^ were sometimes spikes or spike and dome forma- 
tions. Spontaneous seizures usually appeared after five days of diet, but if the 
amount of nitrogen trichloride added was increased, these seizures occurred earlier. 
The seizures were characterized by a ‘slow build up’ to a full discharge of the cere- 
brum. Then the characteristic iso-electric post-ictal period followed. Similar 
changes in the EEG have been observed in dogs fed gliadin, glutenin, lactalbumin, 
casein or amino acid mixtures when these had been treated with nitrogen trichloride 

(s). 

In animals that have typical preconvulsive EEG’s, convulsions can be induced 
by the inhalation of 20 per cent carbon dioxide and 80 per cent oxygen. The ab- 
normalities so produced can first be detected from pick-up leads over the cere- 
bellum. 


EXPERQTENTAL METHODS 

These experiments were conducted entirely on dogs that had been fed an ade- 
quate diet (6) containing flour treated with nitrogen trichloride (30-100 gm/ioo lb. 

Received for publication June 16, 1948. 
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of flour). After several days’ obsen’-ation the animals were given the experimental 
diet. They were obsenmd daily and, after various times during which known 
quantities of diet had been ingested, were used for acute terminal experiments. 

A tracheal cannula was inserted and one femoral vein was exposed under ethyl 
ether anesthesia. Paralysis was induced with 25 mg. of dih)’'dro-B-er)dhroidine 
hydrobromide^ intravenously and artificial respiration started (50-75 cc/stroke, 
10-15 strokes/min,). A continuous intravenous drip of a solution containing i 
mg/ml. of dihydro-B-er3’’throidine hydrobromide in 0.156 M sodium chloride was 
introduced into the exposed femoral vein. Electrodes were screwed into the skull 
overlying the right and left parietal cerebrum and over the cerebellar hemispheres. 
EKG ivas recorded from leads in the right fore and left hind limbs. The Grass 
six-channel electroencephalograph was used throughout. The mixture of carbon 
dioxide and oxygen used was commercially prepared. The respirator is so designed 
that a gas can be rapidly substituted for room air when desired. 


i.\ 


^ '-t'l »* 

<•«»>**> ' ' 'lilj 
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Fig. 2. Twenty per cent COs plus 80% O2 inhaled for 45 seconds. Spikes and high slow 
waves first appear in cerebellar leads. Activity spread to cerebral leads. Seizure starts in cerebellar 
leads and after a short delay spreads to cerebrum. EKG is irregular and slow. 


An initial period of about 30 minutes was allowed for stabilization of the electro- 
encephalographic record. Thereafter a mixture of 20 per cent carbon dioxide tvith 
80 per cent oxygen was introduced into the respirator and the animals ventilated 
for 3 minutes. A 30-minute interval elapsed before the gas \vas again employed. 

Control experiments w-ere conducted on dogs fed an identical diet containing 
unagenized flour. 

KESUI-TS 

The typical abnormalities induced by ingestion of agenized (nitrogen trichloride 
treated) flour appeared first in the cerebellar leads and later in the cortical leads. 
They could be intensified or a seizure induced by the inhalation of the mixture 
(fig. 2). The fit usually appeared during the beginning or shortly after the end of 
the inhalation (fig. i). Normal animals showed no seizures with inhalation of the 
mixture. However, they did show reversible changes; an increase in frequency 
and decrease of amplitude of the EEG and some slowing and irregularity of the 
EKG. 


* The authors wish to thank Merck and Company who kindb’ supplied this drug. 
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DISCUSSION 

Silver (7) has reported definite pathology in the Purkinje layer of the cerebellum 
and the dentate nucleus of dogs fed flour treated with nitrogen trichloride. It is 
very possible that the activity of the hindbrain is a reflection of this pathology. 

The synergistic action of carbon dioxide is as yet une.xplained. Roseman, 
Goodwin and McCulloch (8) have shown that inhalation of 20 to 25 per cent carbon 
dioxide in oxygen results in a slowing of the heart rate and an increased frequency 
with decreased amplitude of the EEG in cats. They note that the oxygen tension 
of the cortex is also elevated. Dusser de Barenne, McCulloch and Nims (g) found 
that hypoventilation (increased carbon dioxide tension) shifts the pK of the cerebral 
cortex to the acid side. This low pK is associated with low electrical activity. 
Gibbs, Gibbs and Lennox (10) have shown that increasing the carbon dioxide ten- 
sion of arterial blood causes a specific dilatation of the cerebral vascular bed with a 
resultant increase in the cerebral blood flow. It may well be that the increased 
blood flow through the brain results in a greater concentration of the toxic agent and 
this may be sufficient to intensify existing abnormality or precipitate actual seizure 
activity. Why this should occur when the gas mixture is initially administered or 
immediately after its removal is still unanswered. It may be due to rapid shifts 
in the brain pii or oxygen tension. The specific inhibitory effect of carbon dioxide 
on the cerebral cortex may allow subcortical structures activated by the toxic 
agent to manifest themselves. No definite interpretation is offered at present. 


SUiniARY 

Inhalation of 20 per cent carbon dioxide and 80 per cent oxygen is synergistic 
with the toxicity induced by the ingestion of flour treated with nitrogen trichloride. 
It accentuates existing electroencephalographic abnormalities and can precipitate a 
seizure in a su.sceptiblc animal. These are seen first in leads over the hindbrain and 
characteristically when the inhalation starts or shortly after it is terminated. 
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ADAPTATION TO EXPERIMENTAL MOTION 
SICKNESS IN DOGS^ 

R. L. NOBLE 

Fr.om the Department of Medical Research, University of Western Ontario 

LONDON, ONTARIO 

S INCE 1942 the subject of experimental motion sickness has been studied 
extensively in this department. As only a few papers had been pubhshed 
on motion sickness in animals prior to this time (i, 2), it was essential to 
study the factors which influenced the susceptibility of the animal. It was found (3) 
that dogs were a more suitable species than cats since some 80 per cent were found to 
vomit after motion on a simple swing. By altering the extent of swinging it was 
possible to divide susceptible animals into three groups according to the ease with 
which they could be made to vomit. The most highly susceptible dogs were found 
to show an extremely consistent response to swinging even though they were used 
over a three- to four-year period. Of the different component motions of a swing 
none was as effective individually as the composite action. Changes in horizontal 
acceleration were the most effective stimuli, vertical motion being relatively in- 
effective. Animals which were susceptible to swinging were also found to become ill 
after driving in a motor truck and after exposure to motion in a small boat in rough 
water. Since the initial project was to find drugs which might serve to alleviate the 
symptoms of motion sickness, methods for assaying possible agents were worked out 
on dogs (4). 

A large series of compounds, chiefly barbituric acid derivatives, were sub- 
sequently tested for their ability to prevent motion sickness in dogs (5). Many of 
these substances were found to possess this property which appeared to act specifi- 
cally against motion sickness since this, effect was not related to the hypnotic or 
anesthetic action of the compound. The response of human beings to treatment 
with a number of barbiturates was also tested against motion sickness produced by 
swinging (6). One compound V-12, ethyl / 3 -methyl allyl thiobarbituric acid^ was 
tested by various workers on sea trials and was found to be an effective therapeutic 
agent. The results of the Canadian trials with various drugs have been reviewed by 
Noble, Sellers and Best (7). 

During the five years in which a colony of some 25 susceptible dogs was main- 
tained for these various e.xperiments, changes in susceptibility to swinging due to 
adaptation were noted. The results described in this paper are a summary of these 

Received for publication July 2, 1948. 

1 Most of the exiieriments recorded were carried out at the Research Institute of Endocrinology, 
McGill University, Montreal, P.Q. 

- Supplied by Abbott Laboratories, North Chicago, 111 . and now prepared under the name of 
‘Mosidal’. 
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obsen^ations and some additional experiments designed to obtain more information 
on the subject of adaptation to motion. 

itETHODS 

Dogs of various types, ages and sex susceptible to motion were selected at 
random for these e.xperiments. They were usually of from 5 to 10 kg. in weight. 
Except during the experiment they w^ere housed in a separate building and had no 
contact with the swings. Each animal was fasted for 19 hours but immediately 
before swinging w'as fed a small meal of minced meat. Dogs w'hich did not vomit 
following 45 minutes in the swing were considered to be immune or protected in 
therapeutic e.xperiments. The sw^ing used w'as electrically driven with a radius of 
14^ feet. It passed through an angle of 90° and had a frequency of 15 complete 
swings per minute. To determine different degrees of susceptibility the angle of 
swinging could be reduced. Dogs which vomited when tire angle was reduced to 
22-|° were considered highly susceptible while those which vomited wiien sw'ung 
through an angle of 45° but not 22=/° w'ere classed as moderately susceptible. In 
order to minimize adaptation, w'hich was expected to occur, in early experiments 
animals w’cre not used more frequently than once a week. For the last three years 
of tlic study, however, the dogs of the moderately and highly susceptible groups 
were used at intcrv'als of every five days except during the usual holiday periods. 
In one experiment a dog was e.\posed to vertical motion, by a system of pulleys and 
ropes; the swing w'as used to drive the apparatus as previously described (3). 


RESULTS 

If one considers the effect of repeated e.xposures to motion on all of the dogs 
wiiich have been observ’cd over periods of years, there is usually a definite decrease 
in susceptibility of the .animal. This adaptation effect probably occurs in ever}’ 
animal altliough the degree varies from an animal becoming totally inunune to one 
which requires a slightly increased time of swinging before vomiting. Even when 
the dogs were used only at weekly interx^als, some 30 per cent of the animals of the 
least susceptible group (i.e. those vomiting only when swung through an angle of 90°) 
over a two-year period become refractory to swinging. Others required longer 
periods of swinging before becoming ill. Such an effect rendered low susceptible 
animals of thi.'; t^-pe unsatisfactory' for tlicrapcutic experiments wlicre a consistent 
control response was essential. Moderately or markedly' susceptible dogs, even 
though user! at intcjvals of only' five days, seldom became immune to motion al- 
lliough some of them showed a decrease in suscc{>tibility. The response of the 
majority’ of the susceptible animals remained practically unchanged over a number 
of yc.arp. One dog of this type was obtained in June 19*13. The first 10 times the 
.animal became ill it nvcragwl 6 minutes on the swing. Three years later on to 
c'jnsccutive sv. jr.girnts at intervals the same dog averaged 10.5 minutes for its 
time of vomiting. Over this total pcricKl the animal vomitc<l on 100 occasions an<( 
evi-n th.ough used, for jjroteclive theru]K:utic «;xjK;riments the average time of vomiting 
v,a'. £!.'’■> intnutf-’-. 

Jr.yj/nce 0/ t/V /oiVnu.' Ifhiren SvAnrSn? ot; Adaptat'um. number of <lo”S 
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were swung at different intervals of time to test their susceptibility. These animals 
had been susceptible and showed a positive response to swinging for two to three 
years before these experiments were started. A brief protocol of the history of each 
animal is added to the tables. The effect of swinging at weekly intervals is shovm 
in dog 66 which had developed increasing adaptation to motion. Five other dogs 
required swinging at more frequent intervals to show this phenomenon. In these 
experiments the swing was stopped as soon as the dog vomited (table i). 

It is seen that the 5 dogs listed all showed adaptation to motion since the time 
taken to vomit and the incidence of vomiting tended to become gradually reduced. 
In the case of dog 66, swinging at weekly intervals was effective whereas dogs 47 and 
63 required repeated swinging twice weekly for a considerable period to develop 
resistance. The animals used daily or twice daily become immune rapidly. Such 
treatment apparently was cumulative and had a long lasting effect since the adapta- 
tion occurred gradually and was still present after rest intervals of 6 to 10 weeks. 
Dog 27 became totally resistant and dog 63 nearly so after the repeated exposures to 
motion. In three cases animals were compared at different occasions using different 
intervals between swinging. It can be noted that dogs 23 and 63 became adapted 
much more rapidly when s^vung daily than when swung at 2- or 3|^-day interx'^als. 
Similarly dog 67 showed a more rapid response when s\^aing twice daily. 

Infiiicmc of the Duration of Swinging on Adaptation. Three dogs were exposed 
to motion for a definite period of time, irrespective of whether or not they vomited, 
until they became adapted to motion. The results were then compared with those 
obtained after a suitable rest period by allowing the dogs to adapt as described in the 
preceding section. The time interv^al between swing tests in this case was kept 
constant. In many cases the animals became ill repeatedly (table 2). It would 
appear from those results that, in the case of dog 60, adaptation was accomplished 
more rapidly in the e.xperiments where swinging was continued for 45 and 60 minutes, 
altliough in the other animals there was little difference. Unfortunately, the 
general tendency for immunity to develop, as noted previously, makes it difficult to 
assess changes in the same animal and, in man}’- cases where swinging was stopped 
after vomiting, the times 'actually approximated 45 minutes. Dog 42, which w'as 
swung twice daily, showed a gradual increasing immunity so that at first vomiting 
occurred twice on the morning swing and once on the evening swing. As adaptation 
increased, vomiting took place only once on each time and then only in the morning 
until finally immunity was present. 

Adaptation to a Different Type of Motion. One dog onlj"- w-as found to vomit 
consistently wiien e.xposed to vertical motion of a distance of eight feet four inches 
(double that occurring during ordinaiw* swinging). It seemed of interest to test 
whether or not tlie adaptation to vertical motion would afford protection on the 
swing and \ice versa. Experiments on this animal are listed in table 3. In two 
tests the animal was swung 45 minutes irrespective of whetlier vomiting occurred. 

In the first test it may be seen that dog 6S became adapted to the swing and 
remained so. How'ever, on the sixth day it vomited in 35 minutes when exposed to 
vertical motion. In the Uiird test the animal became immune to vertical motion 
after five daily runs and on the seventh day did not vomit when tested on the swing. 
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It seems therefore that adaptation to both tjrpes of motion was accomplished on one 
occasion but not on the other. The other tests on this animal shown in the table 
are typical of the increasing adaptation as previously described. 

Adaptation under Drug Therapy. Some experiments were designed to see 
whether certain substances would inhibit or enhance die development of adaptation 

Table i. Adaptation" to motion" after swtkging at different intervals of time 


Dog 66 


DAYS 

I 1 

7 

! 

21 



Time before vomiting, min. 

Initial test 

25 

45 

N 

N 

After 4-wk. rest 

25 

40 

N 

N 

tt ^ <C 

14 

N 



^ <( l< 

19 

N 




Dog 25 


PAYS 

B 

1 ^ 

1 

i 5 

B 

s 

6 

7 

8 

9 


Time before vomiting, min. 

Initial test 

After 4-wk. rest 

0 0 

Tt t 

4» 1 

N 

35 ! 

N 

40 

1 

N 

I 

1 

1 

N 


Dog 27 


Initial Test 

* I N- 

. . . 1 40 N 

30 

X 

35 

X 

X 

N 

•After 3-wk. rest 

....j 25 1 N 

N 






it tt tt 

. . . X 1 N 







“ 10 “ “ 

1 V i V 

•■■■i ^ ^ 








Dog 67 



1 I 

1 » i 

1 1 

7 i 

1 i 

j 1 

2 i .1 { 4 
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[ 6 
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Tim 

e before vomiting, min. 



Inili.al lest 

f 

. j 40 

1 40 j 

N 1 

.N -N 1 

1 

i 


•After lo-v.k. rest . ... 

....S 70 

i 

1 - i 

23 j 
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Dog .}- 



Tixe (icforc vomiting, r-.in. 
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Dog 63 {coni' d) 


DAYS 

I 

2 

3 

4 

s 

6 

After 2 wk. rest 

25 

30 

30 

40 

N 

N 

U , « 

35 1 

N 

N 




ti ^ It ti 

N 

N 





» 10 “ “ 

40 

N 

N 





N = not ill in 45 min. 

Dog 66 Moderately susceptible for previous 2 yrs., changing to low susceptibility before start 
of above experiment. 

Dog 25 After 2 3'rs. of testing had changed from moderate to low susceptibility; above ex- 
periment I jT. later. 

Dog 27 Moderately susceptible throughout, used for 3 yrs. previous. 

Dog 67 After i yr. of testing had changed from moderate to low susceptibility; above ex- 
periment 7 mo. later. 

Dog 47 After 9 mo. of testing had changed from moderate to low susceptibility; experi- 
ment II mo. later. Dog 63 Moderatety susceptible throughout; used for 2 yrs. previous. 

to motion and in one case an animal was treated with V-12 to see whether or not 
immunity would develop even though the symptoms of motion sickness were pre- 
vented. Dog 47, swung daily, also received .5 cc. of prostigimine i in 4000 sub- 
cutaneously. Adaptation occurred in the same time as in a previous test where no 
therapy was given. Dog 44 received daily 20 mg/kg. orally of allyl (i-methyl butyl) 
imino thiobarbituric acid, a substance which appeared to increase the susceptibility of 
dogs to motion sickness. Adaptation under such treatment took place in the ex- 
pected normal fashion. Dog received daily injections of 0.4 mg. hyoscine hydro- 
bromide and was swung daily. Immunity developed as in control tests, such treat- 
ment apparently neither increasing nor preventing adaptation. 

Dog 47 was treated daily for ii days with 10 mg/kg. orally of V-12 ; during this 
period the animal was swung twice weekly. Such treatment prevented vomiting and 
all symptoms of sickness on each occasion and immunity had developed when therapy 
was stopped. The same animal was similarly treated for ii days with V-12 after it 
was adapted and swinging continued. After cessation of treatment the animal was 
still immune even though swinging was continued for 6$ minutes. Apparently ef- 
fective therapy with V-12 did not prevent adaptation from taking place nor did it 
interfere with its continuation after it was once established. 

Conditioned Reflex io Motion. In initial experiments it was believed that dogs 
susceptible to motion might readily become conditioned so that they would vomit at 
the sight of the swing or the container in which they were secured to it. When 
animals were swung every seven or five days even though this was continued over a 
period of years, no case of conditioning was ever encountered. In the 10 animals 
which were used to demonstrate adaptation, there was also no sign of conditioning 
even though some dogs were swung twice daily. In all cases the trend was for ani- 
mals to become refractory to swinging rather than the reverse. Recently Dr. W. H. 
Johnston of the Zoology Department of this University made observations on a dog 
susceptible to motion which had become conditioned to the swing so that at the sight 
of it salivation and vomiting would occur. This animal was treated with V-12 and 
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Table 2. Adaptatiok to motion atter swtnging tor different lengths of time 


Dog 60 



1 DAV 

3 DAVS 

7 DAYS !lO DAYS 

14 DAYS 

17 DAYS 

mg 

24 DAYS 

28 DAYS 

PTjRATio>; or swikcg;©, mik. 



1 



■■■■ 




Time before vomitine. min. 


Until vomiting 

20 

IS 

15 

15 

43 

30 

1 

N 

30 

N 

■ 

[ 1 

j j 




60 

1 35 


N 

58 

N 


1 60 1 





Until vomiting — after 8 - 





wk. rest ' 

35 1 

33 

N 

m 

Until vomiting — after 10- 




■ 

wk. rest 

V 

A j 

N 


■ 


13 

10 

25 

32 , 


35 

N 


N 


N 

20 


N 


N 


N 


Dog 44 


1 

1 

i 1 

1 T DAV 1 

i ' 
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2 DAYS j 

1 

[ 3 days i 

1 1 

4 DAYS 

j 

s days 

1 

^ 6 DAYS 

1 

7 DAYS 

8 DAYS 

9 DAYS 

10 

DAYS 




Time before vomitinB, 

min. 




1 

•^3 i 

1 ; 
! 

N 

45 

38 

^8 

35 

25 \ 

25 

N 

N 








42 j 




45 -- 2 flcr 3 -wk. rest 

i 40 

30 

1 ^5 

23 i 

N 

N 





Until vomiting— after 6 - 

1 i 

1 

1 








wk. rest 

i 40 

1 43 j 

35 

N 

N 





i 

Until vomiting — after 10- 

; 1 

i 1 

i 

i 




i 



wk. rest 

i 26 ] 

i 25 

1 ^5 1 

23 

23 ; 

25 

30 

1 N 

N 



Dog 42 


j I D.\Y i I OAV > DAYS S UAYS J DAYS 3 O^VS' fAYS' "yg j p'yj 
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while being swung under V-12 therapy would l^e of interest since one might expect 
unconditioning to occur under these circumstances. 

Table 3. Adaptation to swinging and vertical motion 


Dog 6S 


ntTRATION or SWINGING, MIN. 

I DAY 

2 DAYS 

3 DAYS 

4 DAYS 

S DAYS 

6 DAYS 

7 DAYS 

8 DAYS 

Time before vomiting, min. 

45 

(20) 

40 1 

B 

N 

N 

(35) 

N 

N 

1 

45 — after 3-wk. rest 

40 

35 

H 

N 

40 

N 

N 


» 6 “ " 


(10) 

BB 

(35) 

(N) 

(N) 

N 


Until vomiting — after 10- 

HI 


Bl 






ivk. rest 

B 


bb 

30 

N 

N 




N = not ill in 45 min. Brackets indicate that vertical motion was used. 

Dog 68 Highl}' susceptible at start for 5 mo., moderately susceptible for 9 mo., low suscepti- 
bility for 6 mo. before experiment. 


DISCUSSION 

The results reported in this paper show that the dog may readily become adapted 
to motion sickness. Over a period of years during which a colony of susceptible 
animals was used for repeated tests there was a gradual change so that the suscepti- 
bility diminished. This was shown in many cases by an increased degree of swinging 
necessary to make the dog vomit. Animals which showed tlie lowest susceptibility 
at the start become immune to motion much more rapidly than those of highest 
susceptibility. Of this latter group the response of some animals remained practically 
unchanged when swung every five days for as long as three years. The gradual 
alteration in susceptibility which takes place in dogs is of particular importance 
when one is conducting therapeutic experiments. Besides an alteration in the con- 
trol test, animals as they become less susceptible to motion are effectively treated by 
progressively smaller doses of drugs (4). The details of e.xperiments to show adapta- 
tion have been given in the accompanying tables. The 10 dogs shown all became 
relatively resistant to swinging after repeated exposures. In one case with intervals 
of one week between tests the animal became refractory. In general the shorter the 
interval between tests the more rapidly did adaptation take place. Even with rest 
intervals up to 10 weeks between tests, however, the animals all showed a progressive 
loss of sensitivity. Some tests were designed to see if prolonged swinging on each 
occasion would enhance the onset of refractiveness. In one case this seemed to be so 
but the changing susceptibility of the dogs to repeated tests made the observations 
unreliable. 

In the human being adaptation to any one form of motion appears to be highly 
specific in that individuals became ill when exposed to other forms of motion (8). 
One dog which was normally susceptible to vertical motion remained so although it 
was made refractory to the ordinary swing. On the other hand when it was made 
immune to vertical motion it was found to be also immune to swinging. Apparently 
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these two tj-pes of motion were sufficiently similar so that adaptation was effective 
to some extent in both. Various drugs were administered to see if they would affect 
the development of resistance in any way. Two substances, prostigimine and a 
thiobarbiturate, which might be expected to render the dogs more susceptible to 
motion sickness had no effect on adaptation to motion. Hyoscine, which is effective 
in treating motion sickness in human beings but not in dogs, did not enhance or pre- 
vent the onset of adaptation. The barbiturate V-12 was used to prevent motion 
sickness in a susceptible dog and this animal was able to become adapted to repeated 
swings even though it was not ill. Also the refractor)*’ state was maintained by 
swinging when the animal was still protected by treatment. This experiment would 
suggest that effective therapy of motion sickness is compatible with the development 
of adaptation to motion. Throughout the experiments on repeated exposure to 
motion no animal showed any evidence of becoming conditioned to vomiting. One 
such animal is reported from a different laboratory. The salivation and vomiting 
which normally took place when this dog w'as simply placed on the swing was pre- 
vented with V-12 as was any effect of actual swinging. 

SUMMARY 

Dogs which have been used for repeated tests on motion sickness show a gradual 
adaptation to motion on a swing. This refractoriness varies in extent, but is most 
readily produced in dogs ha\dng low initial susceptibility to motion. On the other 
hand, higlily susceptible animals may show only little change to swinging every five 
days over a three-year period. 

Although swinging ever)' seven days may cause adaptation, the state rapidly 
follows daily or twice daily swingings. The speed of development is apparently 
jiroportional to the number of ex-posures. Some evidence is presented that adapta- 
tion occurs more rajndly when the duration of swinging is increased. Treatment 
with ywosligiminc or hyoscine did not inhibit or enhance adaptation to motion. 
.•\da])talion to motion took place and was maintained even though a dog was effec- 
tively tre.atcd by the barbiturate V-12. Conditioned vomiting to the swing was not 
obfcrvecl. One animal of another worker showed this reaction which was prcvcntctl 
\)y treatment with V-12. 

Thi?. n-^e.-irch <;u[)portC'l ty grants from the National Research Council, Ottawa. Mr. 
5‘c ’tTjcu yave valsjalilc technical assistance in the ex)>CTimcnts. The author wishes to thank Dr. 
J. B (VjH’p for hi=. continue-;i interest in this problem. 
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EFFECT OF ELECTRICAL STIMULATION UPON ATROPHY OF 
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ALTHOUGH considerable experimental data have been accumulated con- 
>C\ cerning the effects of electrical stimulation upon the atrophy of totally 
1 JL denervated skeletal muscle (i-8), there is no direct information of the be- 
havior of partially dener\''ated muscles toward such treatment. And yet, in its 
clinical applications, electrotherapy of paralyzed muscles involves muscles whose 
denervation is often incomplete. The present studies were undertaken to obtain 
such experimental evidence. 


METHODS AND MATERIALS 

The animals used throughout these experiments were adult male albino rats 
weighing from 275 to 350 gm. The muscle investigated in all cases was the gastroc- 
nemius. In the rat, this muscle receives its major motor innervation from the 
fourth and fifth lumbar nerves with a minor contribution from the sixth lumbar nerve 
(9, 10). 

By selective bilateral lumbar nerve section three degrees of denervation of the 
gastrocnemius were produced: moderate, severe and complete. At the end of the 
experimental period supra-maximal electrical stimuli were applied to the sciatic nerve 
(indirect stimulation) and to the gastrocnemius directly (direct stimulation) and the 
tension developed by the left and right muscles upon such direct and indirect stimu- 
lation was measured. The animals were then kiUed and wet weights of the muscle 
obtained. Tension measurements were made by a torsion myograph of the Blix 
t)TDe. Among those rats selected for treatment, the gastrocnemius on one side was 
stimulated once daily for the entire period of denervation with a modulated sinusoi- 
dal current having a carrier frequency of 25 cycles per second. The carrier frequency 
was sinusoidally modulated at a rate of 25 per minute. The stimulating electrodes 
were applied directly to the skin overlying the gastrocnemius. 

The procedure for the daily stimulation was as follows: A 30-second period of 
stimulation followed by a lo-minute rest period and an additional 30-second period 
of electrical exercise. The animals were divided into the following experimental 
groups: 

Group I. Moderate partial denervation. Bilateral section of the fifth lumbar nerve. 

a) 21 rats. No treatment. Sacrificed 14 days following nerve section. 


Received for publication August 4, 1948. 
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Table 2. Muscle tensions of untreated groups, in grams 
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Table 3. Muscle weights of treated groups 
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: b) i6 rats. No treatment. Sacri6ced 28 days following nerve sections. 

c) • 53 rats. Electrical stimulation of one gastrocnemius. Sacrificed 14 days following nerve 
.section. 

d) 19 rats. Electrical stimulation of one gastrocnemius. Sacrificed 28 days following nerve 
section. 

Group 2. Severe partial denervation. Bilateral section of fourth and fifth lumbar nerves. 

d) 26 rats. No treatment. Sacrificed 14 days following nerve section. 

6) 24 rats. Electrical stimulation of one gastrocnemius. Sacrificed 14 days following nerve 
, section. 

Group 3. Complete denervation. Bilateral section of fourth, fifth and sixth lumbar nerves. 

o) 22 rats. No treatment. Sacrificed 14 days following nerve section. 

6) 25 rats. Electrical stimulation of one gastrocnemius. Sacrificed 14 days follow'ing nerve 
section. 

Statistical significance was determined by the method of paired comparisons. 

' ■ RESULTS 

Weight and Strength of Untreated, Control Groups. An examination of tables i 
and 2 reveals that there are no significant differences in either wet weights or in muscle 
tensions through direct and indirect (nerve) stimulation between the left and right 
gastrocnemii for any of these groups. With the exception of the 28-day group, a fair 
correlation of weight and strength loss exists between the muscle pairs. Thus, in 
most instances following bilateral section of corresponding spinal nerves, both gastroc- 
nemii of the rat undergo essentially the same degree of atrophy. The application of 
an effective therapeutic agent to one of the muscles should then yield statistically 
significant differences in weight and strength between the muscles. 

Muscle Weight and Strength of Treated Groups. In all these groups, daily elec- 
trical stimulation significantly retarded the loss of weight and strength of the treated 
muscle as compared to its paired untreated control (tables 3 and 4). These differ- 
ences although small in the case of the 14-day group with fifth lumbar nerve section 
become significantly greater as either the denervation is made more complete or its 
duration prolonged (table 4). 

In no case was there any significant difference in muscle tension between treated 
and untreated muscles when tension development was elicited by indirect (nerve) 
stimulation. The greater strength and presumably the greater mass of the treated 
muscles must be due to the effects of electrical exercise upon those contractile units 
which have lost their innervation. That portion of the muscle with intact innerva- 
tion is apparently unaffected by the regimen of electrical stimulation. 

DISCUSSION 

The results reported here conclusively demonstrate that, in the rat, electrical 
stimulation significantly retards the atrophy which a muscle undergoes following a 
partial loss of its motor innerv'^ation as well as that resulting from a complete denerva- 
tion. 

It is apparent, however, that the loss of motor innervation must be of consider- 
able severity or duration before the weight and strength difference between treated 
and untreated muscles are sufiiciently great to justify the use of electrical stimulation 
as a therapeutic agent in paralysis of skeletal muscle. 
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Thus, the increased weight and strength of the stimulated muscles when only 
the fifth lumbar nerv'es are sectioned for a period of 14 days, although statistically 
significant (t = 3.25, 2.43), are not particular!}’- striking. On the other hand, when 
either tlie existing dener\’ation is maintained for a longer period (28 days) or the motor 
innervation is subjected to a still further reduction, considerable and, presumably, 
important differences occur in the mass and contractile power of the muscles. 

Since electrical stimulation does not significantly alter the tension responses of 
those parts of the muscle W'hich still have a motor nerve supply, it is reasonable to 
conclude that: i) the beneficial effects of electrical stimulation result from its action 
upon the denervated muscle fibers and 2) electrical stimulation, per se, does not have 
any deleterious effect upon those fibers wnth an intact innervation, 

STOOtARY 

1. Electrical stimulation by means of a modulated sinusoidal current witli a 
carrier frequency of 25 cycles per second significantly retards the weight and strength 
loss of the gastrocnemius muscle of the rat which occurs following partial as well as 
complete motor deneiwation. 

2. The differences in weight and strength between treated and untreated muscles, 
which have been subjected to a partial denervation, become significantly greater as 
either the period of dencr\’ation or the extent of the denervation is increased. 

3. The difference in strength (and presumably weight) between treated and un- 
treated muscles is due to the effect of the electrical stimulation upon those fibers which 
have lost their innerv’ation. 

4. The tension developed by those fibers whose inneiv'ation is still intact is ap- 
parently unaffected by daily electrical stimulation for periods of 14 to 28 days. 
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DISSOCIATION OF POTASSIUM AND ACETYLCHOLINE 
SENSITRTTY OF FROG MUSCLE PRODUCED BY 
ISOTONIC GLUCOSE 

E. VANREMOORTEREi 

From the Cardiovascular Department, Medical Research Institute, Michael Reese Hospital 

CHICAGO, ILLINOIS 

M any pharmacological agents are known to modify the reaction of striated 
muscle to potassium and acetylcholine. For example, vera trine and thio- 
cyanate markedly increase the sensitivity of muscular tissue to potassium 
and increase its sensitivity to acetylchohne to a lesser extent (1-3). Physostigmine, 
on the other hand potentiates the action of acetylcholine more than that of potassium 
(4, 6). Some substances may even produce a dissociation in the sensitivity of the 
muscle, with an increased response to acetylcholine and a decreased response to potas- 
sium. These latter cases of complete dissociation are relatively rare and their inter- 
pretation is difficult. From the results reported by Torda and Wolff (4-6), it appears 
that the combination of decreased acetylcholine sensitivity and increased potassium 
sensitivity is very unusual. 

In the course of a study of the ‘veratrinic’ action of sodium thiocyanate (3), we 
have observed a striking example of this type of dissociation, which was regularly 
produced by isotonic glucose solution and seemed worth reporting. 

METHOD 

Ten frogs (Rana pipiens) were used in this study. After pithing the animal, the 
rectus abdominis was excised and divided along the median line. Each half-muscle 
was used in a separate experiment. Many tests were performed on the same prepara- 
tion. 

After excision the muscles were soaked in Ringer’s Solution and kept in the 
refrigerator for one to four hours. The Ringer’s Solution used throughout the ex- 
periments had the following composition: NaCl 0.6 per cent; KCl 0.0075 per cent; 
CaCl2 o.oi per cent; NaHC 03 o.i per cent; distilled water. 

Ydien ready for use, each muscle was suspended in a muscle chamber containing 
10 cc. of oxygenated Ringer’s Solution at room temperature. The length of the 
muscle was isotonically recorded on a k)rmograph by means of a muscle lever and an 
ink writing pen. 

Shortening was induced by injection into the bath of varying amounts of potas- 
sium chloride solution (1-2%) or acetylcholine- (5-10 mg/ 100 cc). The muscle was 

Received for publication July 14, 1948. 
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then exposed to an isotonic solution of glucose for i to 15 minutes and the same sub- 
stances were tested again. A third test was performed after the muscle had been 
washed with Ringer’s Solution. 




I'lg. I. I. Injection into the bath of 0.5 ccKCl 2% — muscle in Ringer’s Solution. 2. Record- 
ing started 30 sec. after replacement of Ringer’s Solution by isotonic glucose. 3. 0.5 cc KCl 2% — 
muscle in glucose. 4. Ringer’s Solution for 3 minutes. 5. 0.5 cc KCl 2% — muscle in Ringer’s Solu- 
tion. 

Fig. 2. I. o.s cc KCl 29 f, — muscle in Ringer’s Solution. 2. Isotonic glucose in 15 min. J- 
0.5 cc KCl 2 % — muscle in glucose. 

lug. 3. r. 0.5 cc KCl 2% — muscle in Ringer's Solution. 2. 0.5 cc KCl 2% — muscle in Ringer’s 
Solution, j. o-s cc KCl 2% — muscle in glucose for 2 min. 4. 0.5 cc KCl 2% — muscle in gluco.so 
for 6 min. 

Fie. 4. /. 0.5 cc KCl s'lif — muscle in Ringer’s Solution. 2. Isotonic glucose for 3 minutes. 3- 
o.s cc KC! 2 % — muscle in glucose. 

Idg. 3. I. c.rs cc acetylcholine fro mg/100 cc.) — muscle in Ringer’s Solution. 2. 0.5 cc KCl 
i'7b— muscle in Ringer’s Solution. 3. Isotonic glucose for 3 min. 4. 0.25 cc acetylcholine — muscle 
in gluc<«e. 3. Isotonic glucose for i min. 6 . 0.5 cc KCl 2% — muscle in glucose. 7. Ringer’.s 
Solution for 5 minute.'.. 3 . 0,25 cc acetylcholine — muscle in Ringer's Solution, p. 0.5 cc KCl 2 % 
mur-clein Ringer’s .Solution. 


Rt;.SUI,T.S 

A ft-.’.' f/.'cond.s after the rccHts has been in contact with the isotonic glucose, it 
tt'-aaliy devcioits a fponUmtotis shortening v.’hich varies in its inlensity from muscle 
to muscle. 1st most cases the riegrcc of this glucose contracture remains stnall or 
rn')*'!cratean’lr!''xtr; rsot tiislurb the course of the experiment. Jt soon reaches a stetuly 
krvrl or at increase? *0 slowly that the cfTect of the suh.stances tested c.^n he 
evalual'’''! tvith a fajr appro-^-imation. 
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During this sugar contracture the acetylcholine sensitivity is markedly decreased 
and continues to decrease as long as the muscle remains in contact with the isotonic 
glucose solution. This rapid loss of acetylcholine sensitivity justified the term ; sugar 
non-irritability (7). The sugar contracture disappears and the action of acetyl- 
choline returns to normal shortly after the solution of glucose is replaced by normal 
Ringer’s Solution. In our experiments the muscle was never allowed to remain in 
contact with the glucose for more than 15 minutes and the complete reversibility of 
the phenomenon was always easily demonstrated. 

In striking contrast to this effect of isotonic glucose, the potassium sensitivity 
of the muscle is considerably increased during the sugar contracture. The intensity 
of the sensitization is comparable to the action of a powerful sensitizer to potassium 
such as sodium thiocyanate. In spite of the sugar contracture already present in 
most cases, the effect of the same dose of potassium chloride can be multiplied by 
five, ten or more times (fig. i). The shortening induced by potassium under these 
conditions starts suddenly and rapidly reaches a high level. This effect, however, is 
not immediate. In most cases the injection is followed by a relatively long latent 
period before the shortening starts. In some preparations it was possible to record a 
small but definite relaxation of the muscle following the injection and preceding the 
potassium-induced shortening which, in these cases, was apparently less marked and 
less rapid than usual (figs. 3 & 4). 

The sensitization to the potassium ion is very marked and perhaps maximal after 
the muscle has been soaked in isotonic glucose for about one minute (fig. i). The 
reaction to potassium seems to decrease as the exposure to glucose is prolonged. Part 
of this may be an illusion due to the progressive development of the sugar contracture 
which makes exact quantitative comparisons difficult. After 15 minutes of contact, 
the' effect of potassium is still definitely greater than normal, even when it is super- 
imposed on a marked sugar contracture (fig. 2). 

The increased potassium sensitivity observed under these circumstances is also 
immediately reversed by replacing the potassium with Ringer’s Solution (fig. i). 

The opposite changes on potassium and acetylcholine sensitivity of the rectus 
produced by isotonic glucose are particularly striking when acetylcholine and potas- 
sium chloride are tested successively on the same muscle. If the respective concen- 
trations have been chosen in order to produce a much greater initial effect by ace- 
tylcholine than by potassium in Ringer’s Solution, the ratio is reversed under the 
influence of the glucose solution and the effect of potassium chloride becomes 
predominant (fig. 5). The muscle recovers its normal properties very shortly 
after washing with normal Ringer’s Solution. 

DISCUSSION 

The effects of isotonic sugar solution on different frog muscles have been listed 
by Fenn (7) : reversible non-irritability, slight contracture, increase in oxygen con- 
sumption, loss of electrolytes by diffusion (chiefly potassium and phosphoric acid), 
increased lactic acid concentration and an electrical change in the muscle which is 
temporarily negative but predommantly positive. Previous treatment with sugar 
prevents the contracture and the rise in oxygen consumption due to potassium (7), 
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but exposure to glucose was much more prolonged in such experiments than in the 
present ones in which we were concerned exclusively with the early effects of isotonic 
glucose. 

Our findings confirm Fenn’s description of the ‘sugar contracture’. They also 
demonstrate a peculiar dissociation of potassium and acetylcholine sensitmty oc- 
curring xary shortly after the e.xposure of the muscle to isotonic glucose. The action 
of potassium chloride is markedly increased. Some of our results, however, suggest 
that an antagonism between the action of glucose and potassium can be observed 
even in this early period; this is apparent in the long latent period following the in- 
jection of potassium chloride and especially for the temporary relaxation which is 
sometimes observed as a first effect of the injection. These are probably transitional 
phenomena which precede the effects reported by Fenn (7). 

The opposite changes in potassium and acetylcholine sensitivity described in this 
report find no simple explanation. A loss of potassium from muscle decreases its 
sensitivity to potassium. Lactic acid increases it, but does not affect the acetyl- 
choline sensitivity (4). Calcium-free Ringer’s Solution increases the response to 
potassium but the effect of acetylcholine is decreased significantly only after long 
c.x})osure (4). 

The role of the sodium ion is probably predominant: muscles presenting the sugar 
non-irritability recover when again immersed in Ringer’s Solution or any non-toxic 
solution containing sodium ions (8). Further, we did not observe any increase in 
potassium sensitivity when isotonic sodium chloride was used instead of isotonic 
gluco.se. It is probable that the changes in acetylcholine and potassium sensitivity 
are related to an ionic disturbance produced by isotonic glucose and invohdng the 
sodium ion. Their real mechanism, however, is still undetermined. 

STOMARY 

Early effects of isotonic glucose on the frog’s rectus abdominis include a small 
or moderate conlnacturc, a decrease of acetylcholine sensitivity and a marked increase 
in potassium sensitivity. These changes are easily reversible. The increased re- 
action to potassium is often preceded by a relatively long latent period and sometimes 
by a slight relaxation of the muscle. The mechanism of these phenomena is not 
established. 

1 am i'rcatly indolitcd to Dr. L. X, Katz for his advice and crilicisni in the cour.'e of these cx- 
pvtirticn!- .nnf! in the preparation of tliis rcjiort. 
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PLASMA PROTEIN- CONCENTRATIONS AND ORGAN 
WEIGHTS OF CASTRATED AND TESTOSTERONE 
PROPIONATE TREATED RATS^ 

JAMES H. LEATHEM 

From the Bureau of Biological Research, Rutgers University 
NEW BRUNSmCK, NEW JERSEY 

H ypothyroidism induces an increase in plasma globulin concentration 
in the rat without significantly altering plasma albumin levels. This in- 
crease in plasma globulin was observed in adult male rats made hypothyroid 
by feeding thiourea (i), but at the same time a decrease in seminal vesicle weight was 
observed thus raising the question as to the part played by androgen in these plasma 
protein changes. The decrease in seminal vesicle weight could not be correlated with 
a decrease in food intake or with total gonadotrophic hormone content of the pituitary 
(2). Smelser (3) previously observed a seminal vesicle weight loss in the absence of 
a change in pituitary gonadotrophic hormone content in thyroidectomized rats. 
The effect of thiourea on seminal vesicle weight suggested an androgen deficiency 
which, in view of the known relationship between androgens and protein metabolism 
(4), raised a question as to the importance of hypogonadism in plasma protein 
changes. The clinical studies involving androgens and serum proteins have pro- 
vided varied results (5-9) and except for the studies of Abels and his co-workers 
(8) have involved only total serum proteins. In the experiments reported here the 
plasma globulin concentrations can be seen to be altered by androgen. Since the 
influence of androgen on organs other than those of the reproductive system is still 
controversial, the autopsy data is also presented. 

MATERIALS AND METHODS 

Male rats of the Long-Evans strain were used when 150 to 155 days of age. The rats were 
. caged in pairs in metabolism cages for measurement of daily food intake. The diet consisted of 
Purina calf chow plus 10 per cent meat scrap, Uie meat scrap containing 55 per cent protein. The 
protein content of this diet was 33 per cent. All animals had been raised on the same diet used during 
the experimental regime and received supplements consisting of a mixture of two-thirds mazola and 
one-third cod liver oil on bread twice weekly and of fresh carrots once each week. 

Castrated rats were injected on the day following gonad removal. Testosterone propionate 
(Perandren, Ciba®) was administered subcutaneously dailj' in oil (o.i cc). .After a 20 - to 25-day e.x- 
pcrimental period, the rats were lightly anesthetized with ether and bled from the heart. Hemato- 
crit, non-protein nitrogen, total plasma protein, albumin and globulin were determined by methods 

Received for publication July 1 5, 194S. 
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reported previously (i). Each rat was aiitopsied and the fresh weight of tlie pituitary, adrenal, 
thyroid, seminal vesicles, kidneys, liver and, in some instances, ventral prostate and spleen were 
recorded. 


RESULTS 

Castrated rats were permitted to eat ad libilnm and food consumption was at a 
normal level although the castrated rats gained on the average only 5 gm. as com- 
pared to a 17-gm. body weight gain by the controls. The castrated rats exhibited 
total plasma protein concentrations well above normal and due entirely to a rise 
in plasma globulin (table i). Plasma albumin, non-protein nitrogen and hematocrit 
levels were not significantly altered. 

Replacement therapy in castrated rats was initially studied at 1.25 mg. daily. 
Table i reveals that the androgen at this level will prevent the rise in plasma globulin 


Table i. Plasma proteik concentrations in castrated and testosterone 

PROPIONATE TREATED RATS 


KO. 

OF 

RATS 

TERATitEST 

BODY 1 
\\T., j 
START— 1 
E.VD 

irTAlATOCRIT 

KON’- 

PROTniK 

XITROGEK 

TOTAL 

PROTEIN' 

ALBUMIN' 

GLOBULIN' , 



em. 

% 

mg./ 100 cc. 

gm./lDO cc. 

gm./IOO cc. 

gm./lOO cc. 

20 

Normal 

235-252 

43.4 ± o.y- 

54 rfc 0.8 

6.37 rir 0.07 

3. 86 dr 0.09 

2.51 dr O.IO 

20 

1 Castrated 

26S-273 

44-5 ± 0.7 

54 ± 2.4 

6.65 rir 0.10 

3.69 dr o.io 

2.96 dr 0.13 

B 

Castrated 

O.I mg. T.P.i 

27O-2S0; 

46.6 rt: 0.9 

66 dr 4.2 

1 

6,04 dr 0.13 

1 

3.60 dr O.IO 

2.44 dr 0.13 

10 

Castrated + \ 

0.25 mg. T.P. 

240-258 

46.3 d: I.O 

96 dr 5.0 

6.21 rir 0.15 

3.76 dr 0.14 

2 .45 ^ O.’II 

II 

Castrated + ' 

1.25 mg. T.P. 

272-262 

j 

48.2 ± 0.8 

1 58 ± 2.7 

1 

j 6.44 rir 0.09 

3.87 rh 0.09 

2.57 rfc 0.13 

JI 

Normal -f- 0.5 
j mg. T.P. 

[310-322' 

47-0 i 0.7 

54 ± 0.9 

I 

6.13 dr 0.12 

i 

3.62 dr o.Il 

, 2151 ri: 0 . 1 $ 

14 

1 Normal -f- r.23 

1 mg. T.P. 

[259-264 

1 

; 49.0 d: 0.8 
! 50.0 d: 0.7 

I 61 ± 3-9 

i 

6.68 dr 0.12 

3.91 dr 0.09 

2.77 :i: 0. 10 

8 

1 Normal - 1 - 2.5 

1 mg. T.P. 

’280-279' 

j 

1 

1 

1 

68 d: 3.9 

5.92 rir 0.18 

i 

3.92 dr 0.31 

2.00 rfc 0.17 


* T.P. Testosterone nropionntc. -t~ A / “ ' 

y N(N-i) 


concentration :>.nd, in fact, maintains plasma levels at normality. These rats, iiow- 
cver, lost on the .average of 10 grams of body weiglit during the experimental period 
and on autopsy the excessively stimulated accessory sex organs indicated the hormone 
overtiosage (table 2). Resorting to daily dosages of o.i mg. and 0.25 mg., it was 
found that both of tiiese amounts would atiequatcly yircvent the rise in plasma globu- 
lin conwnt ration while permitting body wciglit to increase. Using seminal vcsidc 
weight as a criterion, it was apparent that o.i mg. of testosterone propionate more 
dosely approximated a phy.siologic.al dose than the larger amounts used (tabic 2). 
I'or no aptjCtreru the non-protein nitrogen of castrated rats receiving 0.25 

of the anflr-agcn was very higf-! (taidc i). 














Table 2. Okgan weights or castrated and normal rats treated with testosterone i’ropionate 
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The effect of testosterone propionate on the plasma protein concentrations of 
normal rats was studied following administration of daily dosages of 0.5 mg., 1.25 
mg. and 2.5 mg. The smaller dosage permitted normal body weight increases but 
the larger doses suppressed the growth rate. The 1.25 mg. and 2.5 mg. amounts of 
androgen had a tendency to increase hematocrit and non-protein nitrogen whereas 
the effect on plasma protein concentrations was varied (table i). Unlike the cas- 
trated rat, a daily dosage of 0.5 mg. of androgen failed to alter the plasma protein 
concentrations in the normal rat. The 1.25 mg. dosage was followed by a tendency 
for total protein levels to be increased, due to an increase in globulin, but the 2.5 mg. 
dosage exercised quite the opposite effect on the globulin levels. This latter dosage 
provided data that were widely variable. 

After castration, the reproductive organs were atrophic but significant weight 
changes were not recorded for the pituitary, adrenals or liver. Kidne}’^ and thyroid 
weights had decreased somewhat whereas splenic weight was increased (table 2). 
Testosterone propionate at o.i mg. daily readily maintained the accessory repro- 
ductive organs but larger doses induced excessive stimulation. Any tendency to- 
ward pituitary hypertrophy was abolished by the androgen but a weight increase of 
the spleen, kidney and liver, over that of the normal as well as the castrated rat, was 
obtained with o.i mg. daily. Increased dosages were less effective so that adminis- 
tration of as much as 1.25 mg. daily abolished the liver hypertrophy and retained the 
kidney weight at normalcy. Spleens of the androgen treated castrates were heavier 
in each group but did not e.xceed castrate level when a 1.25 mg. dosage was used. 
In normal rats, the androgen exerted the anticipated effects on the reproductive 
system but, despite the protein anabolic action assigned to testosterone, it failed to 
increase kidney, liver or splenic weights in relationship to body weight and body 
weight gain was not accentuated. Thyroid weight and in some cases adrenal weight 
was decreased b}' androgen (table 2). 

DISCUSSION' 

Castration induced a significant rise in plasma globulin in 20 days in adult rats. 
Since a slight but not significant fall in plasma albumin was usually obtained the re- 
sultant change in total plasma protein was frequently not striking. One might con- 
sider thi.s plasma change as an indirect effect via the thyroid since the BMR of a 
castrated rat is below normal (10). However, an increase in NPN and a decrease in 
homatorrit as typical changes in hypothyroidism (i) did not occur after castration. 
Idle adrenal cortex may be involved (ir) although in this regard adrenal hyper- 
trojiliy did not occur in our animals and Smith (12) has observed increased adrenal 
activity only after 56 d.ay.s of gonadectomy. Fasting will e.vcilc the adrenal cortex 
and may lower the HMR, but this doc? not .seem capable of e.xjdaining llie changes 
ob.'crvwl since as mucli as a 50 ptrr cent reduction in foo<l intake will rarely increase 
thsr plasma globulin level significantly. 

.'Mtiaiugh many studies have demonstrated the nitrogen-retaining action of tes- 
tosterone pn'jfi-inatc its castrated animals these studies have not involved the plasma. 
In ific cuTiu-.b.oid. andunwa adminiMr.ation failed to alter plasma protein Icvtds {$)> 
but in tl.c castnstcfi r.al t!$e hormone jirevented the rise in plasma globulin following 



September ip48 


ANDROGEN AND PLASMA PROTEIN 


463 


castration only. Examination of total protein levels would not clearly reveal this 
action since the slight decrease in albumin would mask the effect. This corrective 
action of testosterone propionate may or may not be assigned to a thyroid-like stim- 
ulation since Kenyon (13) noted an increased BMR in androgen-treated eunuchoids 
but negative effects on the BMR of the castrated rat have also been reported (10, 14). 
Testosterone is effective in causing nitrogen retention in normal dogs and rats (15, 16) 
but plasma protein levels were not reported. Various clinical reports have related 
the plasma protein concentrations to androgen administration but the results range 
from a slight increase (7), to no change (9), to a decrease (6, 8). The current studies 
on normal rats indicate little effect with 0.5 mg. daily, a plasma protein increase with 
1.25 mg. and a definite decrease due to a drop in plasma globulin concentration with 
2.5 mg. These results only emphasize the need for further study and possibly why 
the clinical data are conflicting. 

Castration has been reported to cause a decrease in liver weight with an increase 
to greater than normal with testosterone (17) whereas in the normal rat a decrease 
and in puppies an increase in liver weight followed androgen treatment (18, ig). 
Castration for 25 days failed to significantly alter liver weight but an increase to 
above normal was obtained with relatively low dosages of androgen whereas the 
effect was abolished with larger doses. No effect on liver weight in normal rats was 
recorded. 

Whether or not androgens effect kidney size in the rat is as yet unanswered (4), 
In our studies, kidney weight/body weight was not influenced in normal rats by 0.5 
to 2,5 mg. daily, but restoration of the slight kidney weight loss following castration 
was readily attained with testosterone propionate. 

Castration led to some increase in splenic weight which was augmented by small 
dosages of androgen. This reaction of the spleen is unlike that of the thymus which 
decreases after hormone administration (20). No effect on splenic weight was ob- 
tained in normal rats with androgen when considered in relation to body weight. 

Korenchevsky (21) reported a decrease in thyroid weight to body weight ratio 
after castration and our results suggest a similar trend. These data have been con- 
tested on the basis of actual weights and indeed our data would fail to show any 
thyroid effect of castration alone if actual weights were compared. Androgen ad- 
ministration to castrated rats keeps thyroid weight normal whereas large doses de- 
press thyroid weight. An increase in thyroid weight in mice and an increase in 
mitotic figures in rats has been correlated with androgen treatment by other investi- 
gators (22, 23). 


SUMMARY 

Castration for 20 to. 25 days increased total plasma protein concentrations in 
adult rats due to an increase in plasma globulin. Plasma albumin had a tendency to 
be reduced, but not significantly and non-protein nitrogen and hematocrit remained 
unchanged. Testosterone propionate prevented the plasma protein changes in- 
duced b}*^ castration but induced varied results in normal male rats. 

Three ‘weeks after castration, the reproductive system was atrophic but signi- 
ficant weight changes on a body weight basis were not recorded for the pituitary, ad- 
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reiials or liver. Kidney and thyroid weights had decreased whereas splenic weight 
was increased. Small doses of testosterone propionate increased the weight of the 
spleen, liver and kidney in the castrated rat but larger doses were less effective. 
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MECIlANISiSIS OF DESOXYCORTICOSTERONE ACTION. II. 
RELATION OF SODIUM CHLORIDE INTAKE TO FLUID 
EXCHANGE, PRESSOR EFFECTS AND SURVIVAL 

D. T^I. GREEN, D. H. COLEMAN and M. McCABE 
From ihc'Dcparlmcnt of Medicine, University of Washington School of Medicine 

SEATTLE, WASinN'GTON' 

T he role of sodium as an accessory factor in hypertension and nephrosclero- 
sis has been emphasized during the past half centurj’- by an increasing accu- 
mulation of human and animal data(i). Inasmuch as sodium metabolism 
is regulated primaril}’' by the corticosteroids, the possibility exists tliat the aggrava- 
tion of the hypertensive states by salt results from their underljdng etiologic basis in 
adrenal cortical dysfunction. 

The hypertensive capacit}^ of the corticosteroids is evident in the blood pressure 
elevations which attend cortical tumors. Its independence of sensitizing procedures 
as necessar}’’ adjuncts has been demonstrated (2) and confirmed experimentally (3) 
by investigations in which implantation of DCA pellets was followed by the develop- 
ment of hj^rertension in normal animals to which no supplementary sodium was 
administered. 

These observations have prompted further study to determine first, if maximal 
increases in salt exchange could provoke hypertension in the absence of adrenocortical 
dysfunction and second, if the degree of hypertension induced by excessive salt- 
retaining hormone could be correlated with an increased level of salt intake. 

EXPERBIENTAL PROCEDURES AND RESULTS 

Effects of Sodilwi Chloride on Weight, Fluid Intake and Blood Pressure. The first 
experiment of this section consisted in the substitution of isotonic (0.86%) sodium 
chloride for drinking water in a group of 24 rats of the Sprague-Dawley strain from 
the time of weaning until maturity. The group was divided evenly as to sex. A 
control group of similar composition was maintained on water. The animals were 
kept in individual cages and fed the drinking fluid and Purina laboratory chow ad 
libitum. Fluid intake and weight were measured on a schedule previously described 
(4). The data were grouped according to 20-gm. weight intervals. 

The results (fig. i) indicated that unit fluid intake (cc/gm/day) was related in- 
versely to weight in both groups. The intake curves for female animals closely 
approximated those of males in the same group, despite differences in rate of growth. 
These relationships in growing animals of the same species were analogous to the 
results obtained comparing mature animals of differing species, in which fluid 
exchange was found related to body weight by a fractional exponent (5). 

The animals offered saline drank more than the controls throughout the weight 
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ranges studied. Calculations of the ratio of average saline intake to average water 
intake at corresponding weights (fig. i), indicated that the ratio of these intakes 
remained fixed despite the steady decline in unit intake which occurred as the ani- 
mals matured. 

In the next e.xperiment, groups of 12 male rats were maintained on water, 
isotonic, twice, and two and one-half times isotonic saline respectively for a period of 
14 weeks. The hypertonic solutions were given in order to increase not only the 
overall salt exchange but the osmotic wmrk of the kidney as well. In addition to the 
measurements previously described, the blood pressure of each animal was estimated 
weekly by the tail method (6) from the eighth week onward. All animals were 



Fig. I. RtXATIONSniP of water AKD isotonic saline I.STAKES 
in rats as modified by growth and ec.x. 


autopsied. Analyses of wet and dry tissue weights were made on representative 
organs of sur\'iving animals in each group. 

The growtli curves of animals which drank isotonic saline did not dilTer signifi- 
cantly from those of controls (fig. 2). Fluid intake-weight relationships were as 
previously described. 

The animals given twice i.sotonic saline .showed an initial loss of weight and an 
incre;i?c in intake greater than that exhibited by the previous group. Three of the 
animal? refused to drink after vaiying {leriods of time, lost further woiglit and died. 
Survival on the contrary', as in animals forced to drink sea waler(7),w35c!iaracleriEcd 
by a progre?~j'/c rise in fluid intake to levels three times greater than the control value, 
accorrsivinhel by ?t:!b!ita:uion of weight or a small gain. As a consequence, the 
average v.-cigii* of tlie group at the conclusion of llie test [>eriod apjiroximatcd its 
initial value. 

'ihi'- ar-imal '■> niainjaine*! on two and one-liaif time- i=otonic saline jircsented an 
ceaegerate ! pb iurc of thr prtv tiling group. Loss of weight was progressive through- 
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out the greater part of the test period. As before, the animals survdved if they 
increased their intake and died wlien the3>- reduced it. Six of the group completed 
the entire period. Toward the end their weights had stabilized at values below the 
initial levels and daily fluid intake approached bodj’^ weight. The animals spent 
most of their waking hours drinking. 

Despite these marked alterations in growth, weight, water and salt exchange, 
none of the test groups manifested a rise in blood pressure above control levels. 
There were no evidences of salt or water loss bj'- vomiting or diarrhea. 

Effect of Sodium Chloride on Organ Weight and Hydration. Comparison of the 
percentage organ weights of the test animals with those of water-fed controls, both 



WEIGHT 



so .60 80 30 60 90 30 60 90 50 60 90 OATS 

Fig. 2. Fluid intake, blood pressure and growth of rats in 
relation to the salt content of the drinking fluid. 

normal and starved (table i), revealed increases in heart and kidney weight in propor- 
tion to the concentration of salt in the drinking fluid. These changes appeared too 
great to be explained entirely on the basis of reduced nutrition. Calculation of wet 
and dry weight ratios (table 2) indicated the net tissue water content of the test 
groups to approximate that of the controls. 

The results suggest that increased velocity of fluid exchange facilitates the renal 
excretion of sodium, even when increased velocity is obtainable only at the expense 
of drinking still further quantities of a salt-containing solution. The effectiveness 
of the mechanism is evidenced by the maintenance of tissue hydration and prolonga- 
tion of life in the animals which employed it. It is significant that a general rise 
in blood pressure was not invoked as a means of increasing glomerular filtration 
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pressure and consequent sodium clearance, even at levels of salt intake -which reached 
2 per cent of the body weight per day. 

Effects of DCA oil Intake. Four groups of lo freshly weaned rats were used in 
the first experiment of this section. Males and females were represented equally in 
each group. Two of the four groups were controls, maintained on water and on 
0.86 per cent sodium chloride solution respectively. The two test groups were im- 


T.\ble I. Percektage organ weights or rats ted varying salt concentrations 

IN drinking fluid 





DaiN*KlKG TLinD 


- 


^Vatcr 1 

1 

0.86% NaCl 

1.72% NaCl 

2.15% NaCI 

Water, no food 

No. of animals 

10 

1 

12 

1 

12 

10 

7 

Body wt. (gm.) 

Organ (% wt.); 

413 

392 

279 

173 

156 

.'\drcnals 

0.015 

0.016 

0.018 

0 . 040 

0.03S 

Heart 


0.41 

0-51 

0.68 

0-53 

Kidnevs ' 


0.92 

1.2 

1-3 

I. I 

Liver 


4-3 

4.9 

4.8 

2.4 

Spleen . . 1 


! 0.17 

0.19 . 

0. II 

0.21 

Testes i 


0.91 

0.68 

0.38 

1. 10 


Tabu: 2 . Percentage water^content in tissl^es or rats fed varying salt con- 
centrations IN DRINKING FLUID 


! 

opo.^.v 

DRIKKING rtlTD 

Water 

NaCl o.S6% 

KaCl 1.72% 

NaCl 2.15% 

Brain ' 

1 76-7 

78.5 1 

1 

79.1 

7S.5 

He.irt I 

j 74. s 

78.8 1 

81.6 

82.0 

Kidney 

i 76.8 

75-3 

80.7 

66.2 

Liver 

i <> 9-9 

73-0 

72.8 

69.4 

Mu?cle 

1 75.2 

74.6 ; 

! 77-2 1 

75-1 

Skin 

1 03-8 

62. S ! 

63-3 1 

69..=; 

Spleen 

! So. 6 

7S.4 1 

i 

; 81.7 

70.1 

.\vcragc 

1 

i 74-0 

74.. 1 i 

76.6 

1 

1 73-0 


pl'inted willi single 2c-mg. DC;\ pellets after an obscrv'ation period of one week. 
One of the lest groups was maintained on water and the other on isotonic saline. 
Wcigl'.t and fluid int.-ike were measured continuously for a three-month period. I lie 
liata were grotsp-'.-d for each 20-gm. weight interval. 

Irnrr.eili.ite’y following implantation, the level of intake rose in both test groups 
and reached a [seak willun 10 days (fig. .f). The test animals maintained on salt 
f'iiution manifested a maximum rise over the corresponding control level about four 
’Imes greater than that of the group maintained on water at the same drug dosage. 
fr.;h-.< q!:cn‘Iv, the utiil intakes declinefi but at rate? grc-atcr than th.osc displ.Tt'etl b) 
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the controls. As a consequence, the intake curves of all four groups tended toward a 
common value with the passage of time. 

The effect of dosage variation on intake was studied in a group of 12 rats main- 
tained on saline. Six animals were implanted with single 20-mg. pellets and the 
remainder with ten lo-mg. pellets. Comparison of the intake curves with that of a 
control group (fig. 4) indicated the response to be qualitatively similar at both 
dosages. The magnitude of the initial rise in intake and the rate at which the in- 
take curve returned toward the control value were greater at the higher dosage. 

The sum of these results suggested that the effect of DCA on fluid exchange 
under various conditions of dosage and drinking fluid was the displacement of the 
intake curve upward from the control level. Calculations, therefore, were made of 



Fig. 3 {left). ErrECT of dca impeants on the intake of rats in relation to the composition of 
the drinking fluid. 

Fig. 4 {right). Effect of dca implants on the intake of rats in relation to dosage. 

die ratios of the intake of each test group to the control intake at corresponding 
weight levels, commencing at the time of attainment of maximum increase in intake. 
Graphic representation of these ratios (fig. 5) indicated that the basic action of DCA 
under all circumstances studied was to increase the intake by a factor, the numerical 
value of which was fixed by the drug dosage and the composition of the drin kin g 
fluid. Once established, this ratio tended to remain more or less constant, with 
some overall tendency to decrease with the passage of time. The data at hand are 
not sufficient to determine whether this tendency represented a change in the response 
of the animal to the influence of a fixed dosage of drug, or a slow decrease in dosage 
due to gradual pellet absorption. 

It would appear from these results that the secondary regression of intake levels 
which follows the initial DCA-induced elevation reflects mainly the magnification 
of a series of successively decreasing control values by a constant factor. 
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Further inspection of the displacements in intake cun'^es produced under various 
conditions indicated that the combined effect of DCA implantation and isotonic 
saline administration was greater than either the sum or the product of the two 
separate effects. Thus, the factor of increase, which resulted from implantation of a 
single 2 o-mg. DCA pellet in animals also given saline to drink, was found equal to 
the product of the DCA factor alone multiplied by the square of the salt factor alone, 
when the numerical values of these factors were determined in groups of animals 
studied simultaneously. A comparison of the actual changes in unit intake which 
followed a combination of DCA implantation and isotonic saline administration, 
with the theoretical cui^'e calculated on the above basis, showed a considerable degree 
of correspondence (fig. 6). 


HATIO 


TEAT INTAKC 
COHIROU IHTAKE 



^ TEN eO MQ OCA IMPLANTS 

41 OKC « ** (rmsT sEflicfl) 

OKC (SECOND SERIES) 

-- intake, WATER 
— INTAKE, KACL 0 ttX 

Dr. 5. Ratio or tkst to control intake following DCA implantations .as modified by drug 
cliyMRc and composition of the drinking fluid. 


Calculations based on a small number of data derived from animals in which 
ten 2o-mg. pellets h.id been implanted indicated that the combined factor of intake 
increase at this higlicr dosage level appro.ximatcd the product of the DCA factor 
muitiplicfl by the cube of the -‘=alt f.aclor. 

Effects nj DCA on Blood Pressure. Investigations previously reported (4) 
shown th.at Inqiertension deve!op.=; slowly after DC.^ implantation, being preceded 
sn time by the rise in fluid intake to its peak value. Tt has been indicated also that 
salt is not required u> produce blood pressure c!e%'ation (2). 

'rhe.-c ituflie? liave been cxtenrlcd 10 a total of 1 13 animals. Recapitulation <)■ 
ih*' pre^furo changes (table 3) showed that the average maximum pref^uW’ 0! 

47 control Rtisrr.nb <tid not exceed 13; mm. Hg. Dcierminalions made on .*,2 antmac- 
soqi'.in.tfd with single 2o-rrig. DCA f/e!!et.s revealed an average maximum blood 
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pressure of 158 mm. in those maintained on water as compared with a pressure of 
176 mm. in the animals which drank isotonic saline. 

In contrast to these differences displayed by water and salt-treated animals at 
low DCA dosages are the results in animals implanted with ten 20-mg. pellets. 
Twelve water-fed animals so treated averaged a maximum blood pressure of 209 
mm. as compared with a value of 207 mm. in 12 similarly implanted but maintained 
on isotonic sodium chloride. 


INTAHI NACL O ie% 
CC/CM/DAT 


FlC .5 



% OHt Iona DCA 

o ^KCfilCtCO VALUC* 



Vttxs 


VtlXI 


ioQ Too • 

Fig 6 Comparison of observed intake curve foUowing DCA implantation in 
tained on isoto^saline with the theoretical intake calculated from the changes produced by DCA 

““ intake and blood presw. as ntodified by the 

s«bsB.«i.„ «»<! '»"»■> ‘"P 

substitution of water for isotonic saline drinking fluid. 

OF RATS FOEEOWING DCA IlIPLANTATJON 

Tabee 3. Average maximum blood pressure of rat^ — ^ 


DRINKIKG rLUID 


Water 

NaCl 0.86% 


CONTBOtS 


No. 

19 

28 


Average 


BP 


124 

132 

128 


ONE 20 -MG. DC.\ 
PELLET 

TEN 20-MG. DCA 
PELEETS 

No. 

BP 

No. 

BP 

20 

158 

12 

209 

22 

176 

12 

207 

42 

167 

24 

208 


T • t nf this series 12 animals were implanted with single 20-mg 

In one experiment of this ser increase in intake had 

3 CA pellets and maintained on f J At titis time half of 

teen atuined, a of app— elj^tno^ 

:he animals were PJ® placed on water immediately dropped to 

solution. The fluid intake of t implanted animaU maintained on 

levels similar to those previously oressure of these animals continued a 

water from the outset. However, the blood pressure 
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slow progression to a maximum level of 149 mm. Hg, as compared with 174 mm. Hg 
in the animals maintained on saline throughout the test period. This experiment 
was repeated with 12 additional animals, in which ten 20-mg. pellets were implanted 
(fig. 8). The substitution of water for saline produced effects similar to those ob- 
seix’cd at the lower DCA dosage, but the blood pressure differences were not as great. 

From these results it would appear that the administration of isotonic sodium 
chloride in place of drinking water increases the degree of hypertension developed 
by animals implanted with DCA, but that this potentiation is less marked when 
the DCA dosage is increased. 

EJfecIs of DCA on Organ Weight and Hydration. The percentage weights of 
representative organs from 56 DCA-lreated rats were compared with those of 17 
controls (table 4). Tlie treated animals had been implanted for 10 or more weeks 
before spontaneous death or termination. The average bod)'^ weight of test animals 


Table 4. Pf.rcektage organ v.t.igiits of rats impeantf.d with dca at two dosage levels 



1 1 

i COKTROLS ! 

1 1 

ON'E 20-MC. 

DCA IMPLANT 

TKN 20-MG. DCA IMPLVS'TS 

1 

i 


Drinkinq fluid 



Water 

j Water 

I NaCIo.86':t 

j Water 

NaCl 0.86% 

No. of animals 

17 

i 32 

; iS 1 

12 

12 

Body \vi. (gm.)... 

' 309 

292 

! 269 

295 

238 

Organ wt.) : 



1 i 



Adrenals 

‘ 0.021 

i 0,019 

j 0.024 

0.025 

0.028 

Heart 

i 0-39 1 

j 0.46 

0-53 

0.55 

1 O'd? 

Kidneys 

, , . . 1 0.93 i 

f I . I 

} 

I . 2 

1.2 

1.7 

Liver 

1 4 .S 1 

I 4.8 

i 4-7 

5-3 

; s-fi 

Spicen 

0 

6 

1 0.25 

j 0. 2S 

0.25 

0.56 

Testes 

0.77 ! 

1 0-98 

I 0 - 9 J 

0.94 

0-95 


maintained on water differed little from that of controls. The earlier dcatli of many 
saline-supplemented animals tended to lower the average weight in this group. 

The heart and kidneys were enlarged in all test groups. Salt supplementation 
augmented this increase at both dosage levels. It appeared notable that the size 
of these two organs was as great in DCA-trcatcd animals maintained on water as in 
animals which drank hypertonic saline in the aiiscncc of DCA. 

The spleen and testes of the DCA-lreated animals, unlike those of animals 
maintained solely on hyJX^rtonic saline, were perceptibly heavier than those of 
<:ontr>)ls. .\t tlic higher DC.A dosage level, the liver also was enlarged, a finding 
-.vhirh may have significance in view of the rule of the liver in DC.'\ detoxification 
:.H'. In contrast to detenninations made under other exix'rimental conditions (0) 
adrenal size rd-u tended to be incrc.T«cd. 

Calnil.iiiors <,{ wet ami drj’ weieht ratios of rejiresentative tissues of test animnh; 
ilcrnons'r.’.te;! a teridency to increo'^ed water content, more evident in the animals 
r,r.u7!t,\i!5ed tm raline The incre.-tK- <lid not aptvxir sutTscient to explain the higher 
oritan •A-ci.idii'- or! the enem.a. 
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Effects of DCA on Survival. A group of 39 rats was observ^ed for 22 weeks 
following implantation of single 20-mg. DCA pellets. Autopsy findings showed 
pellet absorption to be greater than 95 per cent complete at the end of this period. 
Calculations of survival times (table 6) indicated that only 2 of the 19 animals 
maintained on water had died during this period as compared with 10 of the 22 
animals given isotonic saline. Since, as previously described, the maximum pres- 
sures developed.at this dosage are not much higher in the salt-supplemented animals, 
it would appear that the decrease in life expectancy produced by extra sodium ion 
in DCA-treated animals is disproportionate to its effect on blood pressure. 


Table 5. Percentage water content in tissues or rats implanted with dca at two 

DOSAGE LEVELS 



COKTROIS 

OSK 20-MG. dca 
lilPLAXT 

tEN* 3 O-M 0 . DCA 
ntPLAKTS* 




Drinking fluid 




Water 

NaCl 

0.86% 

Water 

) NaCi 
0.86% 

Water 

NaCl 

0.86% 

No. of animals 

Organ: 

3 

3 

4 

1 

4 

4 

3 

Brain 

76.7 

78-5 i 

78.8 

78.7 i 

74.0 

80.9 

Heart 

74.8 

78.8 

78.4 

So. 5 

78.6 

81.2 

Kidney 

76,8 

75-3 

75-2 

78.6 

77.6 

t 79-2 

Liver 

69.9 

73-0 

69-5 

72.8 

72.1 

73-1 


75-2 

74.6 

77-4 

73-0 

78.9 

78.1 


63-8 

62.8 

64. 1 

70.7 

69.0 

<59.3 


So. 6 

78.4 

So. 4 

73-0 

79.2 

80.6 

Average i 

BB 

74-5 

74.8 j 

1 

75.9 1 

75-0 1 

77 -5 


Table 6. Average suR\'tvAL or rats implanted mtth one 2o-mg. dca pellet. (Peiuod or 

OBSERVATION; I 59 DAVS) 


drinking fluid no. or amuals survival 

days 

Water i7 150 

NaCIo.8G% 22 125 


The survival period of the 12 animals which did not live out the 22-week period 
averaged 83 days. This time corresponded closely with the interval of maximum 
blood pressure increase as determined b}' serial measurements. It would seem, 
therefore, that DCA hypertension and its anatomical sequellae do not represent an 
irreversible threat to the life of the animal, but are lethal onh' during the period of 
maximum drug action. These results suggest that if human hypertension is sus- 
tained by a mechanism involving increased cortical activity, cure may follow the 
removal of the offending instrument or the nullification of its acthdty. 

SUJDtARV AND CONCLUSIONS 

Increased sodium intake in rats up to two per cent of body weight per da^' was 
accompanied by elevation of fluid exchange, increased heart and kidney weight and 
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reduction in growth rate, but did not provoke hj^jertension. The data indicate 
that increased velocity of fluid exchange represents a mechanism for augmenting 
the renal excretion of sodium, even under circumstances in which the increase in 
velocity entails further intake of a salt-containing solution. 

The primar}- effect of DCA was to elevate the level of fluid exchange over 
control values by a ratio fixed by the dose of the drug and the amount of supple- 
mentarx' salt administration. Hypertension was a subsequent development. The 
magnitude of DC.\-induced hj'pertension did not correlate with the level of salt 
exchange, altliough it was augmented b}'’ salt administration, particularly at low 
DC.A dosage levels. The effects of salt supplementation of DCA-implants on heart 
and kidney weight and on survival were disproportionate to the measured augmenta- 
tion of blood pressure elevation. The resemblance between the action of salt in 
the HCA-induccd hypertension of animals to that in essential hypertension lends 
additional support to the hypothesis that the mechanism of sustained pressure 
elevation in the human involves increased activity of the adrenal cortex. The 
favorable sur\’ival time of DC.A.-treated animals, once the period of most intense 
drug action had been passed, suggests the possibility of arresting human hyperten- 
sive disease either by removal of the adrenal cortex or b}" nullification of the activity 
of its salt-retaining steroids. 

\Vc arc indebted to Dr. E. Oppenheimer of Ciba Pharmaceutical Products, Inc., Summit, N. J., 
l>oth for generosity in supplying dcsoxycorticosteronc and for many helpful suggestions and criti- 
cisms throughout these studies. 
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COMPARISON OF CYCLOPROPANE AND ETHER ANESTHESIA 

ON LYMPH PRODUCTION 

HENRY K. BEECHER, MADELEINE F. WARREN and ANNA MURPHY 

From the Anesthesia Laboratory of the Harvard Medical School, at the Massachusetts General 

Hospital 

BOSTON, MASSACHUSETTS 

C YCLOPROPANE anesthesia is accompanied by several undesirable effects. 
In some cases these are of serious nature and uncertain origin (for example, 
dangerous cardiac irritability). Until these things are explained it will 
always be of interest to uncover differences in physiological action between cyclo- 
propane and the other common anesthetic agents. 

The purpose of this report is to describe a difference in lymph production found 
under the two anesthetic agents, cyclopropane and ether. 

JrETHODS 

Animals. This study is based upon observations made in ii mongrel dogs. 
They were allowed water but were fasted for i8 hours before the experiment. Im- 
mediately preceding the experiment half of the animals were given 20 cc/lcg. of 
physiological saline over a period of an hour. This made no appreciable difference 
in the results and will not be discussed further. Bipod pressure was determined by 
the usual direct method. Mean arterial blood pressure, pulse and respiratory rates 
were recorded at 20-minute intervals. They were comparable for the two agents. 
Rectal temperatures were observed at half-hour intervals. Two animals were 
eliminated because of high body temperature. When the subjects are breathing 
through a ‘to-and-fro’ soda lime canister in a closed system it is especially important 
to watch the body temperature of the animals, for it often tends to rise unless the 
soda lime canister is cooled. 

Anesthesia. Cyclopropane anesthesia was induced (25% cyclopropane, 75% 
oxygen) through a plaster cone fitted with a rubber diaphragm. The dog’s nose 
was inserted through this. The hair of its head had previously been wet in order 
to reduce the danger of electrostatic sparks. Ether anesthesia was induced by the 
open drop system. In the case of both agents, as soon as the surgical level of anes- 
thesia had been attained, the trachea was cannulated and connected to a closed anes- 
thesia system with to-and-fro breathing through a soda lime canister. Dead space 
was kept as near normal as possible. During maintenance of anesthesia 85 to 95 
per cent oxygen was administered with each agent. Sufficient anesthetic was added 
from time to time to maintain the same level with both agents, indicated by a slug- 
gish corneal reflex of anesthesia. It is of course important to have a comparable level 
of anesthesia in all cases. 
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Shift from one agent to another was easj’’ in tlie case of cyclopropane to ether, 
since the former agent is almost entirely eliminated in a few minutes of expiration 
into the room (ether being inspired at the same time). The reverse shift, ether to 
cyclopropane, was much more difficult. In this case the anesthesia apparatus was 
disconnected at the tracheal cannula and the animal allowed to breathe into the air. 
At the same time a fine rubber catheter was inserted into the trachea, through the 
cannula, while the dog breathed into the room and pure cyclopropane was adminis- 
tered through the catheter in amounts adequate to keep the dog quietly anesthetized. 
After about 45 minutes the ether content of the body was greatly reduced. Although 
some odor of ether alwa3's persisted, the concentration was far below that required 


Table i. Cvclopropaxe akesthesia roLLO\\'ED by ETrreR 


S i 

i 1 



cyclopropant: 


ETHER 

! i 

t 

1 Lymph 

Blood 


Lymph 

Blood 


KO. >XlC!tI sr.x j 

i ! U-te 

1 : i 

Protein 

i • Mean 

j 1 sure 

Resp/ 

min. 

Flow 

Protein 


Protein 

Sfcan 

arterial 

pressure 

Resp/ 

min. 

hi. 

; rrf./ 
r min. 

S''!. T 

• c j .r j 


mt.l 

min. 

£*^. fc 

% 

£m. % 

mm. 

ih 


T . 13.0 . 

9. 84 

2.82 

56. 3j 6.121150 

30 

I 44 > 

1 .98 

61 .4 

6.77 

I2S 

30 

2 ; ! « .0 

o' los 

I -55 

47.01 0. 01. 152 

60 

161 

3.54 

31.1 

6.t6 

iiS 

71 

1 2 

9 103 

t 

2.20 

dO-S 7 -*^ 5 j 353 

So 







> 3 tt . 5 . 

74 

0-73 

48.0, 7.021118 

7 S 

112 

3-38 

SI-2 

7.12 

loS 

52 

It I : . 5 

c’ SS 

-’•35 

54.2, 6.94ji65 

30 

140 

2.47 

. 59-0 

7.00 

140 

62 

12 ■ 10.5 ' 

C’ Sb 

2,03 

45 -S| 7 - 65 jt 32 ;ioo 

140 

2.65 

45-0 

7 . 87 

3 35 

9 D 

Me:in= with 

t 85 

s -50 

J ^ 

50. ij O.So',143 

68 

139 

2.40 

55 -<i 

7.00 

32 S 

63 

S. E. 


=bo.3o 

dal . 7li:0. 25;d:6.9 

zizO • 8 

±7.9 

11- 

0 

d:3.ojdbo.2S 

± 5-7 

±8.6 


‘ One }-:dc doutilcri. - Tiie last half of this c.xpcrimcnt was intcrniptcd by a technical accident. 


for anc-slhcsia, Tiie trachea was then reconnected to the closed anesthesia apparatus 
and a mi.xture of cyclopropane and oxygen administered as previously described. 

Lymph CoUr.ciion. L\'mp]i was obtained from the cervical l^'mphatics b^* the 
method of McCurrcli (i), in which a motor is used to nod the head at the rate of 16 
time.' per minute. Jlxact reproducibility of the motion of the head of a given dog 
from one jMiriwi to another i.s necessary' for quantitative comparison of h'rnph flow 
from one collecting jyjriod to another. Both main ccr\'ical lymphatics were cannu- 
Lated. in c,'isc tliesc vc-s'cls were double on a side, often the aisc, one was lied oft, 
ftw po.rticles of heparin were introduced into c'tich cannula and the h'mjrh was col- 
If'Ctcfl rcsrab.riy at five-minute intervals. Thi.s was placed in weighed tubc.s, .slop- 
jy'rs-d, ti’.e wciidil of th.e ly'mph flctcrmiricd, and the flow cxpre.?sed in milligrams per 
r.r.ntite. were liawd ujym 45-minule collection periods. Recorded col- 

tiom vtrf* not rn.ado ttntil thic lymph, flow hari settled down to a uniform nito, after 
ti.f of !?)'• carKriment or after shift jr;g from one agent to another. This required 

V'Ua'Iv ra to as minute',, 
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The protein content of the lymph and the plasma (venous blood) were deter- 
mined refractometrically. The hematocrit was determined in venous blood. The 
blood samples were drawn about 45 minutes after induction of the respective anes- 
thesias. 


RESULTS 

The results are shown in tables i and 2. There is wide variation in the lymph 
flow from one dog to another under a given agent. The variation in lymph produc- 
tion from dog to dog tends to hide the ether or cyclopropane effect in the ‘average’ 
animal. This variation is in accord with our previous experience (2). An important 
point is the fact that each single experiment shows a difference in the same direction: 
the lymph flow under cyclopropane is always less than it is under ether regardless of 
which agent is administered first. In absolute terms, the magnitude of these changes 
is not trivial. 


Table 2. Ether anesthesia eollowed bv cyclopropane 





ETHER 

CYCLOPROPANE 

NO. 

W'EIGHT 

SEX 

Lymph 

Blood 

RESP/ 

MIN. 

Lymph 

Blood 

RESP/ 

MIN. 




Flow 

Protein 

Hema- 

tocrit 

Protein 

Mean 

Arterial 

Pressure 

Flow 

Protein 

Hema- 

tocrit 

Protein 

Mean 

Arterial 

Pressure 


H - 


mg! min 

gm. % 

% 

gm. % 

mm. Eg 


mg/min. 

gm. % 

% 

gm. % 

mm. Eg 


3 

12.3 

9 

132 

3-o8 

58.5 

6.25 

98 

30 

9 i» 

2.45 

60.6 

6.89 

103 

50 

7 

12.7 

9 

63 

2.57 

56.2 

6.63 

102 

44 

45 

2.79 

54.0 

6.23 

93 

38 

9 

9.0 

9 

III 

2.24 

57-0 

7-63 

118 

68 

85 

2'. 15 

61.0 

7.98 

130 

59 

10 

12.5 

9 

136 

3-03 

58.0 

7-33 

110 

63 

69 

2.93 

53-3 

7.07 

II7 

70 

13 

10.5 

cf 

77 

2.60 

Sd .5 

7.24 

102 

58 

62 

2.45 

57-5 

7.70 

126 

59 

Means with 

108 

2.70 

5 ,..- 

7.02 

106 

53 

70 

2.55 

57.3 

7.17 

114 

55 

S. E. 


±16.9 

±0. i6j±o.4 

±0.25 

±3.6 

±6.9 

±8.2 

±0.44 

±1.6 

±0.31 

±7 

± 5-3 


* Collection started only 20 min. after last ether period. 


The experiments shown here represent consecutive cases, with two exceptions: 
Experiments 6 and 8 w^re not included for the reason that these dogs were found to 
have high temperatures, 41.1° C and 42.0° C., respectively, early in the procedure. 

No striking protein or hematocrit differences were observed. 

DISCUSSION 

Probably the correct explanation for the difference in lymph flow observed 
here is that the capillary filtering surface is less under cyclopropane than it 
is under ether. Indeed, this must be the explanation until the unlikely possibility 
that ether increases the permeability of the capillary wall can be ruled out by direct 
observations. However, the same protein concentration found in the lymph under 
the two agents supports the view that there is no great change, if any, in capillary 
permeability under the two agents. 

Interesting support, from an entirely different approach, for the view that the 
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capillar}' circulation is less extensive under cyclopropane than it is under ether is 
found in the obserx-ations of Zweifach el al. (3). They studied the blood flow in the 
aipillar}’^ bed of the dog’s omentum during graded hemorrhage under several anes- 
thetic agents. Their obser\'ations indicated that as bleeding continues under 
cyclopropane, the number of open capillaries remains normal for one-half hour 
(average) with constriction (flow through the most direct channels) persisting for 
the subsequent three hours; whereas with ether, under the same circumstances, the 
number of open capillaries remains normal for one and one-half hours (three times as 
long as with the cyclopropane). In the case of ether, the normal period is followed 
by a relatively brief (45-minute) constrictive phase (one-quarter as long as with 
cyclopropane) and then an unrestricted condition follows, with widespread flow 
through all capillaries, under ether but not under cyclopropane. 

Anesthetic effects under circumstances where continued hemorrhage is a factor 
may not be comparable to conditions where this is not the case; however it seems 
probable that this situation is comparable to the continued stress of surgical procedure 
with some hemorrhage. It has been the general obseiwation (4) of this group that, 
under c}'clopropanc anesthesia, the precapillary sphincters tend to be closed with 
reduction of the capillan' circulation with most of the blood in the major vessels. 
Here a ‘thoroughfare channel’ or ‘extended arterio-venous anastamosis’ serves to 
transport blood from the arteriole to the venule with less utilization of the capillary 
bed than v.-ith ether. The head of pressure in the thoroughfare channel is greater 
under cyclopropane with flow more rapid than it is under ether.* 

These findings arc in accord with our observation that more lymph is produced 
under ether than under c}xlopropane anesthesia. Presumably the tissues would be 
nourished Ic.ss well under cyclopropane than under ether. Moreover, with the pre- 
capillarv' entrance tending to be cut off, under cyclopropane, and direct routes of 
flow from arteriole to venule being utilized, the venous flow would be unusually 
effective in drav/ing tissue fluid into the venous end of capillaries and less would go 
to the lymphatics. Under this circumstance, too, less o.xygcn and otlicr food supply 
would apparently be available for the distant cells’ nutrition than if the tissue fluid 
followed its usual washing flow from capillary to lymphatic. 

Our findings, as well as those of Zweifach and liis associates, arc in accord with a 
nev.- interpretation of the often mentioned clinical observation that the venous blood 
of patients under cyclopropane is unusually well o.xygcnated. I'hc question can be 
mise-d: Is this because the blood proceeded so directly from arteriole to venule that 
oxygen could not be cLaimed by the tissues? Is it possible that the tissues under 
tychpropane are in actuality {xjorly oxygenated, poorly nourished? Docs this 
explain tf'.c collapse sometimes seen al the end of surgciy when patients are taken 
ftff iht: oxygen-rich atmosphere of closed anesthesia? 

Wliile lymph flow it.'^clf may not necessarily be an important factor in the nutri- 
tion tjf mo't tissues during anesthesia, there is still the problem of what the effect of 
an agent might be tliat reduced lymph flow in tis.sucs wliere continuous motion is 
pre-enl, that is, in tl>e lungs and in the heart. 


the fro-aicr hletdtng duririg Mtrgcry uruifr cycl/tproi'ane 
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Using still another approach and another part of the body we (5) have made 
observ’^ations that are consistent with the view that cyclopropane restricts the capil- 
lary circulation more than ether. Under ether in man, the average glomerular 
filtration rate fell 21 per cent (in comparison with the pre-anesthetic level), and 32 
per cent with cyclopropane. Average effective renal plasma flow fell 39 per cent 
with ether and 52 per cent with cyclopropane. In the 15 men studied, these reduc- 
tions were always greater under c3’’clopropane than they were under ether. 

SUMMARY 

When tlie effects of cyclopropane and ether on lymph production are compared 
under standardized conditions in dogs, cj^clopropane is found to result in the produc- 
tion of less tymph than ether, regardless of which agent is administered first. This 
is interpreted as reflecting a smaller effective capillary circulation under cyclopropane 
than under ether. Support for this view is found in tlie direct observations of the 
dog’s mesentery Zweifach el al. and in the obser\’-ations of Burnett el al. on kidney 
circulation in man. 
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PHILADELPHIA, PENNSYLVANIA 

I N SPITE of rather extensive use of alkali (sodium bicarbonate or lactate) by 
parenteral routes for the prompt correction of severe states of acidosis of meta- 
bolic origin, there is lack of agreement concerning its clinical value and even its 
need. It is generally recognized that, if renal dysfunction resulting from severe 
states of dehydration can be corrected by increasing the water content of the blood, 
the kidneys are capable in the majority of instances of effecting the necessar}^ read- 
justments in the acid-base relationship. The chances of establishing and espcciall}’’ 
of maintaining such an adjustment are of course increased when the underlying dis- 
turbance, e.g. diarrhea or diabetes, is also brought under clinical control. 

The speed of recovery from severe states of acidosis has been significantly in- 
creased by the prompt administration of alkali by parenteral routes. On occasion 
it has even seemed that rccoveiy might have been related to the promptness of the 
correction of the acidosis. 

A causal rebitionship, however, is difficult to prove in clinical practice because 
of the uncertainties involved in evaluating other variable factors and hence of estab- 
lishing an adequate control scries. 

The problem is wlicther there exists at any time during the course of a severe 
degree of acidosis a sUige when otherwise irreversible or irreparable damage to im- 
ixirtant cellular structures of the bod}' could be averted by the administration of an 
appropriate amount of alkali. The e.xperimental work vdiich is described here was 
de.signed in the hope that it might be helpful in the ultimate solution of this problem. 


JIKTHOD 

Mongrel dofTS wi.-rc use 1, ueighing from 3 lo 25 kg. The animals had acccs.s to food (hospital 
scrap-! .inti water >:d libHum at all times. Severe degrees of acidosis were induced by adrninistra- 
t:-in of per cent am.monium chloride solution by stomach tube. The amount of XHiCl given was 
approsimatfly 100 cc/io kg. of body weight per dose. .-Xdminislrations were made at 2-hour inter- 
val-, l.-etvc'n lo a.m. and 4 p.tn. When emesis occurred shortly after administration, the dose was 
I'.-ually rrjv'ai'd. The lota! number of flays of administration varied. It was continued in each 
nnti! a low pn level (7.10 or iessj existed at the end of the day (short duration acidosis), or was 
tn ■.'.nt.im- i tiirfiugiioul tl'.c night or longer (longer rlumtion acidosis). Dogs in the ‘longer duration 
2c:'io»'s' group n’'|U!rc.i 2 to jo flay.s of admtnisimlinn of ammonium chloride to meet the refiuircd 
rr.te.ui’.n of nwjrr.ing fn ijelow 7,10 on one or more ntoraings. 

Ti;'- C2”e with v.hirh -rs individoal dog could be l.roughl into the ad.dotk state <!q)ended in 

J'f-iCc'.vc’ f'sr publication July S, J04S. 

* .li'.V I i.y a grant from lie John and ^^aT>' K. Marble Found.atton. 
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part upon whether it continued to take food or not. Those animals which did so were much more 
resistant to the development of acidosis. All dogs lost some weight during the course of NH4CI 
administration. Partial fasting and dehi'dration incident to excessive polyuria were variable con- 
tributing factors to this weight loss. 

When each dog reached tlie desired addotic state, it was either treated with parenteral sodium 
bicarbonate or was kept as an untreated control. In the treated dogs, the dose of bicarbonate was 
estimated on the CO2 content of serum and body weight (i, 2). When the dogs died or were ter- 
minated, the brain, spinal cord and certain peripheral nervous tissues were prepared for subsequent 
serial section by Dr. Jean K. Weston. Other organs were prepared for routine microscopic study. 
These findings will be reported later when the time-consuming e.xaminations of serial sections are 
completed. 

Jugular blood samples were collected, allowed to clot and serum removed under oil, attention 
being given to the precautions recommended b3’’ Austin et at. (3). The carbon dioxide content and 
pu values were routinel3’' determined and in man3’’ cases total base and chlorides were also measured. 
The determinations of carbon dioxide content were made with the manometric blood gas apparatus 
of Van Slyke and Neill (4). The pK values were obtained with the Beckman glass electrode pK 
meter (model G) held at 38° C. b3’- an air bath. A h3q)odermic type of cell was used. Chlorides 
were determined b3'’ the open Carius metliod (5). Total base concentration of serum was determined 
b3’- the Polis and Reinhold method (6), which is based on an ion e.xchange reaction b3’' a cation- 
adsorbing resin. 


RESULTS 

Despite vigorous efforts, the serum of 18 dogs never could be brought to a 
level of 7.10 with ammonium chloride by stomach tube, even though administration 
was continued for periods up to three months. However, in 90 dogs the serum pn 
was brought to a level below 7.10. This latter group forms the basis for this report. 

In order to emphasize the r 61 e of the duration of a depressed pn the dogs were 
separated into a) those with a pK below 7.10 for 8 to 24 hours (short duration acidosis) 
and h) those with a pn below 7.10 for more than 24 hours (longer duration acidosis). 

Dogs with pH y.io or Below for 8-24 Hoxirs {Short Duration Acidosis) 

1. Untreated. Group. Of these 77.3 per cent (17 dogs) recovered and 22.7 per 
cent (5 dogs) died. For the first few da3fs of ammonium chloride administration 
there was a tendency for the pn to return to normal values during the night after 
having been lowered toward 7.10 at the end of the day. The extent of the nocturnal 
recovery became progressive!}’- less as the period of treatment increased. The char- 
acteristic pattern of recovery is illustrated in figure i. Dogs which retained their 
appetites had a better recovery response than those 3vhich did not eat well. The 
depression of CO2 content was seldom below 9 roEq/l. Total base of the serum was 
usually depressed and serum chlorides always were elevated. The pH. of dogs 3vhich 
recovered was below 7.10 on one to four occasions, those which died were below this 
level on only one occasion. 

2. Treated Group. In this group 80 per cent (12 dogs) recovered and 20 per 
cent (3 dogs) died. A quantity of 5 per cent sodium bicarbonate was given by vein 
which was expected (i) to raise the CO2 content to 27 mEq/ 1 . The acid-base condi- 
tion was occasional!}'- determined one to two hours after treatment and regularly on 
the next morning. The pH and CO2 content achieved normal values over a number 
of days. The percentage of dogs recovering was essentially the same in treated 
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and untreated groups. In no instance was alkalosis produced. Figure 2 shows a 
U-pical case which was treated and recovered. Dogs which recovered had pK values 
of 7.10 or less one to three times; those which died had such values one or two times. 

Data on all dogs with a pii of 7.10 or below for 8 to 24 hours are included in 
table I, A and B. 

Dogs 'ii'ilh pH y.io or Bdenv for More Than 24 Honrs {Longer Duration Acidosis) 

j. Untreated Group. 26.3 per cent (5 dogs) of this group recovered while 73.7 
per cent (14 dogs) died (without therapy). There was a tendency for a nocturnal 
return of the pii from low values toward normal, as described for the group of dogs, 




Eip. I {Irjt). Dog g. .-Xcidosis or loss than 24 hours’ dur^\tion. This chart shows Uirce 
[K-riofi? o! nocturnal recovery from pu values below 7.10 at the end of the afternoons of Dec. 1-3 to 
value.s above 7.10 on the mornings of Dec. 2-4. Dotted lines show recovery votlhout treatment to Dec. 
h when another course of ammonium chloride was started. 

Fig. 2 (right). Dog 75/. .tciDosis or less TmvK 24 hours’ doratio.v. First two pn v'alucs 
.are n.xt. Kani!)le$. This chart shows recovery foUoicing treatment after second sample on Sept. 28. The 
!;u-t two pM samples on Sept. 29 ami Oct. i arc a.m. sanaplcs. 

luiving a shorter dunition of acidosis. Despite the more prolonged period of acidosis 
depression of CO3 content was no greater than values in the range of 9 mEq/ 1 . Total 
liase of the scrum was more often increased than not and scrum chloride was most 
often increaseri. Dehydration was progressive as shown by increasing hematocrit 
values. Dog.s of this grouf) rarely ate much, hence weight los^scs were sometimes 
revere, It should be noted that about three times as many untreated dogs died if 
th.f acidosis |K‘rsisted more than 24 houns. Figure 3 depicts the data from a typical 
r.v-e which died, Tiic pn values of all dogs in this group were below 7.10 two to si.v 
t 

TrcA-.ed Group. ()i thi.s group, 55 per cent (14 <iog5) recovered and 45 per 
cent ! i,e died. The intravenous bicarbonate therapy was identical with that 
vx tr.e shorter duratioti groujj and pn values and f.'O; content rclurnerl more 




Table ia and ib. Shorter duration acidosis 
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* Mean with standard deviation; range; nunilier of dogs in parentheses. 
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rapidly to normal than in control untreated cases which recovered. Chances for 
recover}' are seen to be about twice as good with parenteral administration of sodium 
bicarbonate as without it when an acidosis at a pa of 7.10 or below' is maintained for 
more than 24 hours. The data of a typical case w'hich recovered are showm in 
figure 4. The pa level of all dogs in this group was below 7.10 two to seven times. 
Data on all dogs with a pa of 7.10 or below for more than 24 hours are included in 
table 2, A and B. 

Because it was quite possible that solutions other than 5 per cent sodium bi- 
carbonate might be as effective in promoting recovery of animals with long standing 
acidosis, a limited series of dogs (ten) w'as treated with physiologic saline solution and 
5 per cent glucose by vein. Since Uie number of cases is small the exact percentage 
values are not significant but the data do appear to show' that dogs wdth both short 



F sg. 3 {lejt). Dog A . Acidosis of morf. thak 2 4 nouns’ dur.\tiok. This animal died with 
out treatment. First two pn values arc a.m. samples, last two p.m. samples. 

Fig. .} {.right). Dog 470. Acidosis of mopx tiiax 24 nouns’ dur-vtiok. This animal re- 
covered with treatment on June S. Last two pn values before therapy arc a.m. samples. 


and longer durations of acidosis recover equally well with glucose and saline solution, 
as far as ultimate survival is concerned, as with the intravenous administration of a 
liicarbonatc solution. Clinical improvement of these dogs was slower, however, than 
it -was in those treated with bicarbonate. The scrum pa level of the bicarbonate 
treated dogs was elevated on the first morning following treatment from an average 
6.95 to an average of 7.3c in contrast to an average elevation in the glucose and saline 
treated group of 7.01 to 7.23. The data of these dogs are shown in table 3 which also 
5 uminarhxs uiblcs 1 .and 2. It will !>c noted that the scrum pa of the animals of this 
gonip was in the ni.ain below 7.10 a fewer number of times and that they did not have 
tl-.r j.’.r.ic ilcgrtc of pa depre-'sion a.s was obtained in the other two groups. 

Ci-cfcrlfT’-^tios (\} iho Jfirlutic Sli:!e and ihr Period Immediately after Treatment 
;//; S '-Hum Pioirb'nu'te. During the first few days of aiiministration of ammonium 
■.'Jdvrhbt the dogs urin.ated frequently and profu.'ely and drank large quantilict; of 
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water. Stools became loose, watery and were frequently stained with dark blood. 
Post-mortem specimens of the gastrointestinal tract from animals which succumbed 
showed hemorrhages of the duodenum and colon. The eyeballs were sunken, tissues 
were dry and there was little bleeding during the dissection. As the degree of acidosis 
increased there were depression of respiration, muscular weakness with ataxia, an- 
orexia and vomiting, and finally anesthesia of superficial and deep structures. 
General clinical condition and the level of the pH could not always be correlated. 
Dogs with a pH below 7.00 did not always show the degree of clinical symptoms 
expected, especially during the early period of acidosis. Dogs which died had feeble 
heart sounds and imperceptible pulses in the agonal period. There was no evidence 
of disturbances in cardiac rate or rhythm up to the time of demise. 

No harmful effects were noted during or after injection of 5 per cent sodium 
bicarbonate in any case. Loud borborygmi of the intestine were a constant finding 
during the injection. Dogs which had been comatose seemed to waken and become 
alert, and were soon walking about after the intravenous therapy with sodium 
bicarbonate was terminated. The rate of disappearance of symptoms was much 
less striking with 5 per cent glucose and 0.9 per cent NaCl. 


Table 3 


DURATION OF ACIDOSIS 

% RECOVERED 
UNTREATED 

% RECOVERED 
S% BICARB. 

% RECOVERED 
OLUCOSE AND 
SALINE 

% DIED 
UNTREATED 

% DIED 
s% BICARB. 

% DIED 
GLUCOSE 
AND SALINE 

Less than 24 hours . . . 
More than 24 hours . . 



75-0 (3) 
66.6 (4) 

22.7 (s) 

73-7 (14) 

20.0 (3) 

45.0 (10) 



1 No. of cases. 


DISCnjSSION 

In ammonium chloride acidosis of 8 to 24 hours duration, at pH 7.10 or below, 
there was little or no difference in the percentage of recoveries under the conditions 
of these experiments in the groups of dogs which received parenteral 5 per cent 
sodium bicarbonate solution, 5 per cent glucose and saline solution, or no therapy 
other than water and food ad libitnni, respectively. However, when the duration 
of the acidosis is longer than 24 hours, the administration of 5 per cent sodium bicar- 
bonate solution doubles the chance for recovery. Since in a small series 5 per cent 
glucose and saline produced just as great a percentage of recoveries as bicarbonate 
solution, it may be that fluid volume is more important than acid-base reaction. 
Tliree times as many untreated dogs died when the acidosis persisted more than 24 
hours than when it was less than one day’s duration. Apparently irreversible 
changes occur with much greater frequency after the first 24 hours. These changes 
might be secondary to loss of intracellular sodium (7) or because of intracellular 
dehydration, which has been considered to be the cause of death when extracellular 
fluids are h3qjertonic (8) as they were in these animals. Similar damage could 
depend on excessive loss of potassium (intracellular) in the diarrhea uniformly 
present (9). Dehydration also causes loss of intracellular potassium (10-14) 2.nd 
infusion of ammonium chloride causes extra excretion of potassium from cells (15). 
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Sunken eyeballs, diy tissues and high hematocrit are all evidences of dehydration. 
Oral feedings, important to recovery, contain potassium (2, 16, 17) and the dogs which 
ate their food well resisted both the on'set of acidosis and also made a quicker recovery 
either with or without therapy. 

'\^’eakness of skeletal muscle maj' represent either the effect of an acid pii de- 
pressing the motor cortex (18) or a loss of cellular potassium from muscles incident to 
severe acidosis and dehydration (19) following the diarrhea (9, 19). In the first 
instance the paralysis would be central, in the second peripheral. Depression of the 
sensory' cortex by an acid pn could account for the anesthesia. It was possible to 
painlessly expose a superficial vein without local anesthesia in the severely acidotic 
dogs. The lethal pn level for the intact heart in silii is known to be about 6.00 
(20). Cardiac arrest occurs suddenly without previous abnormalities in rate, 
rh^'thm or conduction at this level of acidosis. Our lowest pK value was above this 
critical level and no disturbances of cardiac rate or rh3'thm were noted. All tlie dogs 
showed respiratory' depression and not stimulation as occurs in diabetic acidosis. 
It is possible that the deh3'dration of the cells of the respirator3' center caused the 
depression since we found cxtmcellular fluids to be hypertonic. This is in agreement 
with the findings of Winkler cl al. (8), Furthermore, patients in shock with acidosis 
do not show h3'pcrpnea (16, 21). This concept is supported 63' the fact that CO2 
contents were usually above 9 mEq/ 1 . and never below 4.5 mEq/ 1 . as thc3' often are in 
clinical acidosis. It may be that a respiratory' depression with resultant respiratory 
acidosis is supcrimjwsed on the preliminar3' metabolic acidosis with the result that the 
CO; content is not de{)ressed to the extent which it otherwise would be. The ab- 
sence of lu'jjcrpnca with a low pii as a result of ammonium chloride acidosis is similar 
to that seen in man (10) although different from that reported by Haldane (22). 
Krogh (23) believes that the respirator3' center responds to CO; as such and not to the 
hy'drogen ion. 

The constant presence of borbor3'gmi during the administration of sodium bi- 
carbonate solution may' be accounted for in several way's: increased excitability', 
decreased threshold for nervous stimuli, and increased spontaneous rhy'thm of the 
motor cortex (and hence its autonomic representation) when the reaction is made 
more alkaline (iS, 24, 25), direct stimulation of smooth muscle by alkali (26), or 
exodus of |)otassium from cells during alkali therapy (7, 19) with resultant stimu- 
lation (27) of smooth muscle. Bloody' stools probably' were the result of the hemor- 
rhagic dufKlcnitis and colitis which Dr. Weston demonstrated at autopsy'. The 
findings in the intestinal tract are similar to those seen in hemorrhagic shock (2S). 

.Acidosis docs not involve changes in extracellular fluids alone (19). Our 
calculations to delcnnine the amount of sodium bicarbonate to be given were based 
on the O'^sumption that the bicarbonate content of extra and intracellular fluids is 
enurd (i, 2, t~, 20) and made no allowance for depiction of intmccllular sodium. 
This may explain failure of .sodium bicarbonate or chloride solutions to fully’ correct 
the .acido-iiv jn some of the <iogs after time for equilibrium was allowed. Moreover, 
riu: I'fTfct of Ldcarbonate varies with tlifierent patients ft, 17). One ty{)C of acidosis 
rrt.uUing snun feeding jtruteii'i milk to juemature infiuits is characterized by almost 
Cicnp!' te lo;-. of intfareHiilar sodium (17). Intracellular sodium equals about one 
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tenth of sodium in extracellular fluids, or over one half of extracellular sodium as 
bicarbonate normally present (17). To fully correct an acid-base disturbance when 
there is a loss of intracellular as well as extracellular sodium would involve allowance 
for losses of sodium from the former as well as from the latter compartment. This 
allowance was not made. 

Although o.g per cent sodium chloride solution alone is considered inappropiate 
for the initial treatment of acidosis (17), when used with glucose it increases blood 
flow and renal function to permit excretion of excess chloride (30, 31). This could 
explain the effectiveness of the glucose and saline solution in our experiments. In 
controlled hemorrhagic shock, sodium bicarbonate infusion given during the hemor- 
rhage not only prevents the onset of acidosis but also the development of irreversible 
shock (28). It has been emphasized that hemorrhagic shock should be considered 
from the standpoint of an acidosis (32). It has also been shown that sodium bicar- 
bonate protects the kidney against damage from intravenously administered half 
normal hydrochloric acid (33). 


SUJIMARY 

In ammonium chloride acidosis of less than 24 hours’ duration as many un- 
treated dogs recover as do dogs treated with 5 per cent sodium bicarbonate or 5 
per cent glucose in normal saline. Under conditions of these experiments treat- 
ment does not influence the course. In ammonium chloride acidosis of more 
than 24 hours duration treatment with either 5 per cent sodium bicarbonate or 5 per 
cent glucose in normal saline doubled the frequency of survival under the condi- 
tions of these experiments. Three times as many untreated dogs died when the 
duration of acidosis was longer than 24 hours. Dogs treated with sodium bicar- 
bonate made a more rapid chnical improvement from severe states of acidosis than 
did those treated with glucose and saline. 

These data indicate that the administration of sodium bicarbonate under the 
conditions of these experiments is not dangerous but rather is beneficial in relation to 
speed of recovery. 
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EFFECT OF HIGH PROTEIN AND HIGH CARBOHYDRATE 
DIETS ON THE ARGINASE AND PHOSPHATASES OF THE 
LIVER AND KIDNEY OF THE NORMAL AND ADRENAL- 
ECTOMIZED RATI -2 

CHARLES D, KOCHAKIAN, MARY N. BARTLETT and JEAN MOE 

From the Department of Physiology and Vital Economics, School of Medicine and Dentistry, 

University of Rochester 

ROCHESTER, NEW YORK 

A DRENAL cortical extract administered in eight hourly doses will produce a 
/ \ marked increase in the 'alkaline’ phosphatase of the fasted adrenalectomized 
jL Jl- (i, 2) and normal (3) rat. This effect is due to the S-hormones of the ex- 
tract (3). These steroids, however, will not restore the decreased arginase activity 
of the liver in the fasted adrenalectomized rat (4) or influence the level in the normal 
rat (2) in spite of their known (4, 5) and demonstrated (2, 3) glyconeogenic effect. 
If, on the other hand, the S-hormones or 3 mg/day of desoxycorticosterone acetate 
are administered for several days, then the reduced liver arginase of the adrenal- 
ectomized rat is restored towards normal (6, 7). 

■ It has also been demonstrated tliat many androgens (8) will not affect either of 
the above enzymes of the liver in spite of their protein anabolic effect (9) but will 
increase these enz5mies of the kidneys of normal, adrenalectomized (2, 4) castrated 
and hypophysectomized rats (unpublished data). There are, however, definite 
species differences in the degree of these responses (10). 

Since the 'S’ hormones and ‘N’ hormones are concerned with protein catabolism 
and anabolism respectively, it seemed that dietary experiments might provide infor- 
mation concerning the significance of the above-mentioned enzyme changes. 

PROCEDURE 

Two types of experiments were conducted: a) acute, in which the rats were 
fasted for 24 hours and either allowed to eat ad libitum for 9.5 to 10.5 hours or fed by 
stomach tube at one- or two-hour intervals for eight hours in order to simulate the 
conditions of the adrenal cortical studies; &) chronic, in which the animals were fed the 
respective diets® (table i) for seven days. A marked excess of thiamine hydro- 
chloride was added to the high carbohydrate diet and of riboflavin, niacinanide and 
pyridoxine to the high protein diet. It is recognized now that these vitamins are 
essential for the proper metabolism of these foodstuffs. 

The normal rats of the acute experiments and the adrenalectomized-castrated 

Received for publication July 2, 1948. 

1 This investigation was aided by the Josiah Macy Jr. Foundation. 

2 Some of the data of this paper have been reported in the Josiah Macy Jr. Foundation Confer- 
ences on Metabolic Aspects of Convalescence, New York, tenth meeting, 72 (1945) and fifteenth 
meeting, 128 (1947). 

* The vitamins were generously supplied by Merck and Company. 
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rats of the chronic experiments were of the Wistar strain from our colon)'. The 
normal rats of the chronic experiments were of the Sprague-Dawley-Holtzman strain. 
The rats were kept in individual metal cages in an air-conditioned room maintained 
at 78 to 8o°F. In the chronic ex-periments the normal rats were given 10 gm/day of 
the standard diet for seven days preceding the experimental period. The adrenal- 
ectomized-castrated rats had been castrated for four to six months. They were 
adrenalcctoraized two months after castration and were maintained at constant body 
weight by the subcutaneous implantation of a 14 to 15 mg. pellet of desox)’cortico- 
sterone acetate’ and 9.0 to 9.5 gm/day of the standard diet. 

At the end of the e.xperiments, the rats were anesthetized with 0.25 to 0.35 ml. of 
dial-urethane'', the livers were removed and weighed on a Roller-Smith torsion 


Tabu; i. Composition of diets 



STANDARD 

men CARBOHYDRATE 

(no troteik) 

men PROTEIN* 


rm. 

jm. 

gm. 

Casein. ... 

16.7 


So 

Veast 

9.2 


10 

Starch, . i 


40 


Sucrose j 

61 . 2 

40 


Wc^.son oil i 

7 . 4 ' 



Ccliullour 

I.S 



Cod liver oil 

2 

2 

2 

\\'es,ton's salts 

\ 

4 

4 

Thiamine IlCP 


.004 

.oot 

Rihoflavin , . 


.002 

.008 

Niacinamide j 


.010 

.020 

PvHdnxinc. j 


.001 

.004 

Ca [lantolhcnalc j 


.010 

.010 

Inositol , 


.003 

.005 

'rocophcrols- concentrate) i 

.030 

.030 

.030 


’ Hydrogcn.itcci vegctal)le oil. "Crystalline B vitamins provided by Merck & Co. ^Pro- 
vided by Distillation Prodiicls Inc. 


balance. The left segment of the metlian lobe was saved for the enzyme determina- 
tions (2, 4) and the remainder of the liver was digested in 5 ml. of 'hot 30 per cent 
potassium hydroxide (11). The glycogen was precipitated from the digestion mix- 
ture by the addition of 20 ml. of 95 per cent ethyl alcohol, the precipitate was hydro- 
lysed in a boiling water bath with 15 mi. of X/i hydrochloric acid, neutralized to 
ph< noUihthMlein (12I with 2 X sodium hydro.xide and made to volume, Alipuols 
wor«' anrdy.'fii for reducing substances by the morlified Somogyi method (13) and the 
re-ult.-^ expres'cd a- glui:o.=:e. 

T'ne nitrogen (A the urine and of the tissue enzyme homogenates was determined 
t»y t!;e micro-Kjel'L'.hl procedure and the urc-a and ammonia by aeration into 2 per 
r«-;st b '.ric arid and titr.uion with 0.015 ^ hydrochloric acid. 


P.'. 


Tl-g.- 
■f-. b.-r- 


"■’U.c.'orir arrunc anf] tbe ilu'shufcibanc ••’rert* provbici! 5jy Cibci PiiArtmtruiscal 
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RESULTS 

Acute Experiments. The arginase of the liver (table 2) was not significantly 
changed by any of the diets in spite of the marked differences in urinary nitrogen and 
urea excretion. The decreases in units per gram of tissue are due to tlie increases in 


Table 2. Effect of diet on the urinary nitrogen and the arginase acthuty of the 

LIVER OF THE FASTED (24 HRS.) ADULT MALE RAT 


DIET 

xo. or 

RATS 

BODY ! 
WT. 

ROOD ^ 
INTAKE 

URIKE NITROGEN 

LI\TR 

Total 

Urca-N 

+ 

NIIj-N 

Wt. 

Argi 

(Total U) 

inase 

(U/gm.)2 




gm. 

gtn. 

mg. 

mg. 

% 

% 

Fasted 

6 

172 


51.6 


5.762 

(60482) 

(10450) 








(58600-64700) 

(9,900-10,800) 

Carbohydrate 

6 

184 

10. 2 

47.6 


8.548 

-9 

-41 

Carbohydrate 

6 

192 

7-5 

30-5 

22.2 

7 . 160 

-23 

-38 

Protein 

6 

197 

MB 

224.0 

181.5 

6.983 

+8 

-15 

Standard * 

6 j 

202 

fm 

62.7 

38.8 

8.079 

0 

-29 


1 After a 24-hr. fast, each rat was given 20 gm. of the prescribed diet from which he ate ad 
libitum for 9.5 to 10.5 hr. before autopsy. - Average control values with ranges are given in 
parentheses. 


Table 3. Effect of diet on the liver glycogen and phosphatases of fasted (24 hrs.) 

ADULT MALE RATS 


DIET* 

LIVER 

GLYCOGEN 

‘alkaline’ 


‘acid’ 


(Total U)J 

(U/em.)"- 

(Total U)’ 

(U/gm.)5 


% 

% 

% 

% 

% 

Fasted 

High carbohydrate (no 

0.432 

(lO.p)® 

(7.7-13.6) 

(i-7) 
(1.3-2. 4) 

(146) 

(135-150) 

(25-5) 

(23.5-28.7) 

protein) 

High carbohydrate (no 

4.212 

-1-40^ 

1 

-7 

+9 

■ -27 

protein) 

0.441 

— 16 

-33 

"3 

— 22 

High protein 

1-033 

+38 

+ 14 

+ 11 

— 12 

Standard 

' r.177 

+43 

0 

+ 16 

-17 


^ See tables i and 2 for details of e.xperimental conditions. - Av. control values with ranges 
are given in parentheses. ^ On activation with MgS04 the difference was only +17%. 


size of the liver with the deposition of glycogen (table 3). These differences disap- 
pear when a comparison of the total enzyme activities is made. 

The phosphatases of the liver show indefinite changes. The high carbohydrate 
diet produced an increase in the first and a decrease in the second experiment. The 
increase, however, probably is not real for it ivas reduced to 17 per cent when the 
levels of the MgS04 activated (14) enzymes were compared. The increases obtained 
with tlie high protein and the standard diet are only suggestive. 

There were no significant changes in kidney weight or enzymes. The greatest 
change in any of these factors was less than 5 per cent. 
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The -administration of 30 per cent glucose by stomach tube to 24-hour fasted 
normal rats at one- or two-hour intervals for eight hours increased the liver glycogen, 
])utdid not significantly affect the enzj'mes of the liver or kidney. Data are not shown. 


Tabi-e 4. Effect of oiets (10 gm/day for 7 days) ok kidkeys akd diver of male rat 

Kidneys 


DIET 

1 

KO. OF 
XMS 

1 

; 1 

1 DODY WTACriT 

j 

TVT. 1 

KITROCEK 1 

ARCIN'ASE 

‘alkalint.’* 

rilOSPIIATASE 

Initial 1 

i 

Chance 

(Tot. 

vy- 

(V/ 

Em .)5 

(Tot. 

vy 

(V/ 

Km.)! 



em. 

sm. i 

cm. 

1 

% 

% 

% 

7c 

/o 

Standard 

5 

249 

+ 1 

1-957 

29-3 

3-05 

(226) 

(II6) 

(277) 

(143) 

High protein 

5 

249 

-fi 

2.200 

34-0 

3 -06 

-t-22 

+15 

+25 

-fll 

High carbohydrate (no 


t 



1 






firotcin) 

5 

; 250 

i 

1 .611 

1 24.7 

3-09 

-3 

+17 

-4 

•fiT 


Liver 


j 

1 

WT. 

CLYCOCEK 

JHTROCEK 

asgikase 

‘aleaunt/* 

phosphatase 

Total 

Bi 

Total 

wm 

(Tot.u)! 

(u/Km.)! ' 

mm 




fwg. 




% 

% 



Standard i 

8.580 

i 363 

4.21 

309 

3.61 

(86900) 

(10,200) 

(20.7) 

(2-4) 

High protein j 

i 9 . 230 


2.41 

344 

3.81 

+33 

+ 23 


+49 

High carliohydratc ! 

I 

j 224 ' 








(no protein) . , .j 

7.610 ! 

1 440 j 

5-79 

227 j 

2.97 

-47 

-41 

+58 

+77 


' No changes in ‘acid’ phosphatases of kidney or liver. * Av. control values with ranges 
are given in parentheses. 


Table 5. Effect of high frotein diet ok the weight akd ekzymes of the kidkey akd liver of 

THE. ADREKALECTOMI/KD CASTR.ATED EAT MAIKTAIKED WITH DESOXYCORTICOSTEROKE ACETATE’ 


DlfT 

1 

j 

1 

‘ NO. 

! 

1 

HODY 

>VT. 

t 

i 

1 

KIDNEY 



LIVER 


1 

j Wt. 

ArKinare 

(c/gm.)> 

•Alkaline’’ 

Phosphata'e 

(vjrm.y 

Wt. 

Arpinasc (I'/gm.)’ 

‘Alkaline’’ 

rho 9 ph 3 ta!c 

(i;y;;m.)’ 


i 

trt. 

I 


r* 

•c 

rn. 

r* 

/P 

7c 

Stand.-ird 

i 3 

2-So 

1 1.839 

{87) 

(120) 

8263 

(4.300) 

(3.1) 


! 


! 

(78-95) 

(07-136) 


(3,880-4,520) 

(2. 8-3.5) 

Hir;h protein 

! .3 

«• * 

j 2.173 

J 

-f 12 

9034 

-}-i8 

“3 


* Sirnil.ir results ohlaincd with incomidctcly adrenalcctoinizcd rats. ’ No elTccl on ’acid* 
pho'.phata'e’i of kidney anfl liver. ^ .Xv. control vaUie.s with ranges given in parenfhe.«cs. 


Chronic Expcrivients in Normal Rais. 'I'ho normal rats on the high carboliydralc 
diet lo.st considerable body and kidney weight but tho.se gi\'en the high protein diet 
maintained their body and incrcase<l their kidney weight. Tlie nitrogen ([irotein) 
content of the kidnev-s changed in proportion to their weight changes (tablc 4 ). Argi- 
iLiM.* and ‘aliniUnc’ piiosphat.ase ieveds varied with tiie kidney weight changc.s. 

'I iic glycogen content and weight of the liver did not parallel each other. I lie 
liver of the higii protein ferf Wits was heavier but contained less glycogen than that of 
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the rats fed the standard diet, while the rats fed the high carbohydrate diet had 
smaller livefs and a greater amount of glycogen. 

The nitrogen (protein) content of the hver of the rats on die high protein diet 
was greater and that of the rats on the high carbohydrate diet was less tlian that of 
the rats fed the standard diet. ' 

Chronic Experiments in Adrenaleclojiiized-Caslrated Rats. The high protein 
diet increased the weight of both the kidney and the liver of the adrenalectomized- 
castrated rats, but did not produce any significant changes in the enz}’mes of these 
organs (table 5). Similar results were obtained with identically treated but incom- 
pletely adrenalectomized rats. 

DISCUSSION 

The results of this study indicate that glyconeogenesis from exogenous protein or 
carbohydrate either in ‘short’ lo-hour, or ‘long’ 7-day, experiments is not accom- 
panied by an increase in the ‘alkaline’ phosphatase of the liver of rats comparable to 
that observed during glyconeogenesis from presumably endogenous protein under the 
stimulus of the S-hormones of the adrenal cortex (1-3.) 

The failure of the high protein diet to produce a noteworthy increase in liver 
arginase is in agreement with the observations of Takehara (15), Kageura et al. (16), 
Lightbody and Kleinman (17), Folley and Greenbaum (7) and Miller^, Lightbody 
and Kleinman (17), however, report that significant increases in this enzyme are 
obtained if male or female rats are fed a 75 per cent protein diet for three to four 
weeks. They attribute this to an adaptative phenomen. 

It is particularly noteworthy that the high protein diet did not alter the concen- 
tration of the greatly reduced arginase activity of the liver of the adrenalectomized 
rat. This suggests that the loss in liver arginase activity after adrenalectomy 
(2, 6, 7) and also probably after hypophysectomy (r8, unpublished) is not concerned 
with urea formation (cf. 3). 

The high protein diet produces an increase in kidney and liver weight and protein 
as expected (19, 20) and a proportionate increase in the enzymes of the adrenalecto- 
mized as well as the normal rats. On the other hand, androgens produce a much 
greater increase in the enz3'mes, especially arginase, than in kidney weight but no 
change in the enzymes of the liver. 

The decrease in liver arginase after seven days on the high carbohydrate-no 
protein diet is comparable to that observed by Lightbody and Kleinman (17) in rats 
fed a 6 per cent protein diet. The ‘alkaline’ phosphatase, on the other hand, is 
actually increased and the ‘acid’ phosphatase is spared in agreement with histo- 
chemical studies (21). Thus, the protein starved rat in calling upon its protein 
reserv’^es (cf. 22, 23) decreases its requirement for arginase but increases it for ‘alka- 
line’ phosphatase. The enzymes of the kidneys of these animals were not altered in 
spite of the decrease in weight and protein content. 

There seems to be no general correlation of enzymes with protein content of the 
liver or kidney. The amount of an enzyme apparently is determined by the specific 
metabohe demands placed upon the organ (cf. 20, 21). 


® Personal communication. 
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The feeding of either a high carbohydrate (S9%)-no protein, a high protein 
(casein 8o%, 3^east io%) or a 'standard’ prepared diet to 24-hour fasted adult male 
rats for 10 hours caused a deposition of liver gh'cogen and the expected changes in 
urinar)- nitrogen and urea excretion but did not change the activities of the arginase, 
'alkaline’ {pn 9.8) or 'acid’ (/>H 5.4) phosphatases of the liver or kidneJ^ The feeding 
of 30 per cent glucose bj' stomach tube at one- or two-hour interx^als also increased 
the liver glycogen without an}’- changes in the activities of the liver or kidney enzymes. 

The feeding of the above diets for seven days at 10 gm/day to normal 250-gram 
male rats showed that the high carbohj’^drate diet caused a loss in body and kidney 
weight but no change in enzjTOC activities. The livers of these animals lost weight 
and protein, but contained a large amount of glycogen. There was a decrease in 
arginase but a moderate increase in ‘alkaline’ phosphatase. The high protein diet, 
on the other hand, maintained the bod^’’ weight and increased the kidney weight and 
protein with a concomitant increase in the enzymes. The liver weight, protein and 
enzymes were somewliat increased. The gtycogen content, however, was only one- 
half that present in the livers of the rats fed the high carbohydrate diet. 

The feeding of the high protein diets as above to completely and partially 
adrenalectomizcd-castrated rats increased the kidney and liver weights but did not 
change enzyme activities of these organs. Organ and enzyme changes are not com- 
parable to tiiose after administration of protein anabolic or catabolic steroid hor- 
mones. 
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CHOLINESTERASE LEVELS IN PLASMA AND TISSUES^ 

BRUNO MENDEL, ROSEMARY D. HAWKINS and MARGARET NISHIKAWARA 

From the Banting and Best Departnmit of Medical Research, Banting Institute, University of 

Toronto 

TORONTO, CANADA 

D uring the past 20 years frequent attempts have been made to correlate 
the level of cholinesterase in blood plasma with various pathological con- 
ditions, especially with those associated with a disturbed function of the 
nervous system and of voluntary muscles (i-io). The results of these investigations 
were often contradictory and on the whole disappointing. Despite the mass of data 
obtained no conclusions whatsoever could be drawn regarding a relationship between 
the cholinesterase level of blood plasma and various syndromes. However, at the 
time when these investigations were carried out, it was not known that there exist, 
in the animal body, two enzymes capable of hydrolyzing acetylcholine, true cholin- 
esterase and pseudo-cholinesterase (ii) and that only the former is essential for the 
hydrolysis of acetylcholine in vivo (12). Moreover, no method was available for 
distinguishing between these two enzymes and for measuring their activities sepa- 
rately, in sera which, in most species, contain both true cholinesterase and pseudo- 
cholinesterase in varying proportions. Rabbit serum, for example, contains mainly 
true cholinesterase, whereas pseudo-cholinesterase predominates in the serum of 
man (13). Furthermore, in the measurement of the cholinesterase activity of human 
plasma, it has been customar3'- to use high concentrations of acetylcholine at which 
the activity of true cholinesterase is depressed while that of the pseudo-cholinesterase 
is favoured. Therefore, the results of these measurements, though reflecting the 
level of pseudo-chohnesterase, could give no hint of changes in the level of true 
cholinesterase, unless changes in the activities of both enzymes follow a parallel 
course, an assumption for which there has been no experimental evidence. 

The present investigation was undertaken to determine i) whether changes in 
the activity of the plasma pseudo-cholinesterase entail similar changes in the activity 
of the plasma true cholinesterase and 2) whether a correlation exists between the 
level of true cholinesterase in the plasma and that contained in the tissues. 

aiETHOD AND ilATERLALS 

The method used for the measurement of cholinesterase (ChE) activity was that 
of Mendel, Mundell and Rudney (14), who showed that acetyl-j8-methylcholine is 
hydrolyzed by true cholinesterase but not by pseudo-cholinesterase and that, con- 
versely, benzoylcholine is hydrolyzed by pseudo-cholinesterase but not by true 
cholinesterase. With these two substrates it is possible, therefore, to measure the 


Received for publication July 1, 194S. 
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activities of true cholinesterase and pseudo-cholincstcrase separately in tissues and 
body fluids containing a mixture of both cnxymes, 

Adult, male Wistar rats weighing between 200 to 400 grams were used as exfxiri- 
menlal animals, d'hey were killed by exsanguination through the jugular vein and 
the required tissues v/cre remo%’cd. 'J’he brain was seclioncfi just below the level of 
the fourth ventricle so that appro.xdmately the same iKjrtion of brain was obtained in 
every case. After removing the blood vessels as completely as possible, a homoge- 
neous suspension %vas prepared by grinfling the tissue with three times its wet weight 
of distilled water. 

Preliminary’’ experiments done on three muscles, slcrnohyoideus, sternomas- 
toideus and diaphragm, indicated that the former was most suitable as test object. 
This muscle is easily removed in its entirety and can be readily ground. In addi- 
tion, of the three muscles, the sternohyoideus showed greatest activity towards 
acetyl-^-methylcholine. No activity was observed towards henxoylcholine, indicat- 
ing that no pseudo-cholinesterase is present. A suspension was used in the 
experiments to be reported. 

One ml. of plasma, one ml. of muscle suspension and 0.25 ml. of brain suspen- 
sion were tested for their cholinesterase activities by Warburg’s manomctric method 
at 37.5°C. in a 0.025 solution of bicarbonate saturated with 5 per cent C02inN2 
{pn 7.4), The final concentrations of acctyl-/3-methyIcholinc chloride (Mch)^ and 
bcnzoyicholine chloride (Bch) used in all e.xperimcnts w’cre 0.6 per cent and 0.15 per 
cent respectively. The total volume of fluid in the vessel was 5 ml. 

Expression of Results: 

a) Activit}'; CO; evolved by one mi. plasma in 20 minutes. 


1) Q value: 


lil COi 

mg. (dry weight) X hr. 


EXPERI.MEN’T.-\L 

Relationship between the Levels of True Cholinesterase and 
Pseudo-cholincstcrasc in Plasma 

Before attempting to determine v/hether or not changes in the activities of the 
two cholinesterases in plasma follow a parallel course, conditions had to be created 
whereby the overall activity of the plasma towards acetylcholine would be enltanced 
or reduced. In preliminary experiments, it was found that thyroidectomy brought 
about a significant rise in the cholinesterase activity in the plasma of rats (15), 
whereas starvation effected a considerable decline in the actnoty. This latter finding 
is in accord with the observ'ations of McCance, Widdowson and Hutchinson (r6), 
who studied the effects of starvation in man. 

a) Thyroidectomy. Sixteen male rats w'cre thyroidectomized as outlined by 
Griffith and Farris (17). They were sacrificed 14 days after operation. The true 
cholinesterase and pseudo-cholinesterase activities of their plasma appear in section 
2 of the table. From a comparison of these results with those outlined in section i, 


* Merck’s meckolyl. 
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it can be seen that an elevation of over 200 per cent in the plasma pseudo-cholines- 
terase activity was effected. The plasma true cholinesterase level, however, did not 
deviate from the normal. Thus an elevation in the pseudo-cholinesterase level of 
plasma is not necessarily associated with a corresponding rise in the level of plasma 
true cholinesterase. 

b) Iiianition. Ten male rats vatying in weight from 300 to 400 grams were 
fasted for a period of 12 days. Water was supphed ad libikim. The weight loss 
ranged from 15 per cent to 28 per cent, with an average loss of 19 per cent. Both 
true cholinesterase and pseudo-cholinesterase activities of the plasma were tested. 
A comparison of the results outlined in section 3 with those appearing in section i 
of the table reveals a significant depression in the level of plasma pseudo-cholines- 
terase, but no change in the level of plasma true cholinesterase. Thus it is evident 


Table i . Cholinesterase activities of plasma and tissues 


SEC- 

TION 

ANIf^tALS 

PLASMA 

BRAIN 

STERNOHiTOIDEUS 

MUSCLE 

True ChE 

Pseudo-ChE 

No. 

of 

ani- 

mals 

Activity toward llch 

No. 

of 

ani- 

mals 

Activity toward Bch 

No. 

of 

ani- 

mals 

Qilch 

No. 

of 

ani- 

mals 

QbcIi 

I 1 

Normal 

zS 

63.0 ±2.1' 

27 

41.0 ±2.3 

*3 

22.7 ±0.7 

28 

5.64 ±0.25 

m 

Thyroidectomized 

14 

61 .3 ±2.3 

16 

97.1 ±8.7 








t = 0.315 


t = 7.7 








P = 0.76= 


P = 0.38 X 10-15 





S 

Starved 

10 

64-7 ± 3-3 

xo 

21 .3 ±2.7 








t = 0.26 


t = 4.8 








P = 0.8 


P = 2.1 X to"* 





4 i 

j Tumor-bearing 

22 

25.9 ±3.2 




23.8 ±0.3 

12 

5.46 ±0.29 




t = 7.35 




t = 0.98 


t = 0.16 




P = 0.96 X 10->5 




P = 0.33 


p = 0.87 


> ± represents the standard deviation of the mean, 
i ‘t’ and ‘P’ values are all in relation to values in normal animals. 


that a depression in the pseudo-cholinesterase level of plasma is also not necessarily 
accompanied by a corresponding depression in the level of true cholinesterase. 

Relationship between the Levels of True Cholinesterase in Plasma and in Tissues 

There has been almost universal agreement that debilitating conditions are 
associated with a reduced ability of the plasma to hydrolyze acetylcholine. Vahlquist 
(18), Scoz and Cattaneo (19) and Jones and Stadie (20) report very low values in 
advanced tuberculosis. The latter workers also report depressed activity in ad- 
vanced cancer. MiUiorat (21) in his study of 109 patients chosen at random found 
that in cases of debilitation there was a depression which varied in a manner parallel 
with the clinical state. These results were confirmed by Faber (9) who investigated 
a group of 400 patients. 

Many attempts were made in the present investigation to alter the level of true 
cholinesterase in the plasma of rats. Only in malignancy, however, was a significant 
deviation in the level of plasma true cholinesterase observed. Therefore, rats bear- 
ing a transplanted sarcoma (S39) which ranged in weight from 7 to 50 per cent of 
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total body weight w-ere used to determine w'hether a correlation exists between the 
true cholinesterase levels in plasma and in tissues. 'J’he true cholinesterase activities 
of the plasma, brain and slernohyoideus muscle of these animals appear in section 4. 
A comparison of these figures with those of section i of the table reveals that even 
though the level of true cholinesterase in the plasma is reduced about 60 per cent, 
the activity of this enzjnne in the tissues remains within the normal range. It 
would seem, therefore, that a depression in the Icv’cl of true cholinesterase in the 
plasma is not necessarily indicative of a decrease in the level of this enzyme in the 
tissues. 


SUMMARY AND CONCLUSIONS 

Changes in the level of pseudo-cholinesterase in the plasma of male rats do not 
entail similar changes in the level of true cholinesterase in the plasma. Changes in 
the level of true cholinesterase in the plasma do not necessarily reflect changes in the 
level of this enzyme in brain and muscle. Consequently, the activities of the cholin- 
esterases of plasma cannot ser\'e as an index of the level of true cholinesterase in 
tissues under pathological conditions. 
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NUTRITIVE VALUE OF FRUCTOSE FOR RATS AND EFFECTS 
, PRODUCED ON ITS UTILIZATION BY THIAMINE^ 


CURT P. RICHTER 

From the Psychobiological Laboratory, Phipps Psychiatric Clinic, Johns Hopkins Hospital 

BALTBIOEE, MARYLAND 

I N PREVIOUS experiments the single food choice technique was used to deter- 
mine the nutritive value of glucose and sucrose and the effects produced on 
their utilization by thiamine (i, 2). Rats of a standard weight were placed 
on a diet consisting of only one sugar, either glucose or sucrose. The length of time 
that the rats survived was taken as a measure of the nutritive value of the sugar. 
Likewise when the rats had access also to a 0.02 per cent solution of thiamine hy- 
drochloride, the increase in the survival time was taken as a measure of the effects 
produced by this vitamin on the utilization of the sugar. On either glucose or su- 
crose the rats survived an average of 37 days. When a thiamine solution was available 
the rats drank it freely and their average survival time on glucose increased to 74 
days and on sucrose to 56 days.. 

These experiments indicated that thiamine has much less effect on the utiliza- 
tion of sucrose than it does on glucose. It was suggested that the presence of the 
fructose moiety might explain the reduced effect of thiamine on the utilization of 
sucrose. The following single food choice experiments on fructose were undertaken 
to test this suggestion. 


METHODS 

Female rats, albino or hooded, weighing between 80 and 90 grams were placed in 
separate activity cages, each equipped with a living compartment and a revolving 
drum (3). The living compartment contained a non-spillable food-cup and one 100 
cc. graduated inverted water bottle. For the next 15 to 20 days, that is until the 
rats weighed between 120 to 149 grams, they ate a stock diet^ and drank tap water. 
Then in one series of experiments the stock diet was replaced with granulated fruc- 
tose (C.P. Special, Pfanstiehl Chemical Company) and in a second series the stock 
diet was replaced with a 40 per cent solution of fructose. In the thiamine experi- 
ments, the rats had access at the same time to a 0.02 per cent solution of thiamine 
hydrochloride. 

Records were made daily of the food and fluid intake, running activity, as 
measured by the number of revolutions of the drum, and of vaginal smears. The 
rats were weighed at weekly intervals. Inspections were made at frequent intervals 

Received for publication June 30, 1948. 

' Work carried out under a grant from the Sugar Research Foundation, New York City. 

2 This diet contained graham flour 72.5%, casein 10.0%, butter 5%, skim milk powder 10%, 
calcium carbonate 1.5%, and sodium chloride 1.0%. 
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for signs of nutritive deficiency; all noticeable changes were recorded and photo- 
graphed. 


RESULTS 

Survival Times. Figure i summarizes the results. It gives the mean survival 
times (solid lines) and the standard error of the mean (dotted lines) for the rats that 
received fructose (granulated) without and with access to the thiamine solution. 
For comparison, it gives the mean sur\dval times for the rats that in previous e.x- 
periments received glucose or sucrose wthout and with access to thiamine. The 
graph shows also the percentage increase in survival times of the rats that had access 
to thiamine over those that received only the sugars. 

Single Foods — Fructose. On granulated fructose alone the rats lived longer than 
they did on either glucose or sucrose. The sundval limes of the 1 5 rats on the granu- 
lated fructose averaged 45.3 days, which is 8 and 9 days longer than the average for 
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Fig. I. Chart showtng the average surwal times in days of rats on the single foods without 
and with access to a 0.02 per cent solution of thiamine hydrochloride; also the increase in per cent 
produced on the survival times by the thiamine hydrochloride. 


glucose (powdered) and sucrose (granulated) respectively. In contrast to the rats 
on glucose or sucrose that at no time showed any signs of nutritional deficiency, ex- 
cept for emaciation, the rats on fructose showed a marked loss of hair, particularly on 
the head and over the haunches. The hair, when pulled, came out verj" easily and 
in large tufts. The general effect was not unlike that produced by a dietary de- 
ficiency of biotin. 

It appeared at first that this marked loss of hair resulted from some metabohe 
effect of the fructose and that, in spite of the longer survival times, as compared to 
those of the rats on glucose or sucrose, it represented a definite nutritional deficiency. 
The results of further observations indicated, however, that the loss of hair may de- 
pend on an external rather than an internal action of the fructose. It was found that 
the hair of these animals was sticky to the touch; likewise the wire mesh of the living 
compartment and revolving drums was sticky.’ Apparently in some way during 
eating, the sugar stuck to the hair around the snout or to the paws and from there 
was distributed to the hair and to the cage, or indirectly from the wire to the hair. 
In an attempt to eliminate this widespread distribution of sugar to the hair, fructose 
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was offered to the rats in a 40 per cent solution ratlier tlian in granulated form. This 
meant that the rats could ingest the sugar witliout getting it on their paws. 

Figure i shows tliat the 10 rats on the fructose solution survived on the average 
of 4T.8 days, appro.vimatel}’^ as long as did the rats on the granulated fructose; defi- 
nitely longer than did the rats on glucose or sucrose. In marked contrast to the 
rats on the granulated fructose they showed either no loss of hair at all, or onl}' 
vciy' slight loss, and in most instances their hair showed no signs of being sticky. 
Their cages showed only a vei^’’ slight stickiness, or none at all. 

Granulated Fructose and B\- Figure i shows that the 12 rats on fructose with 
access to the 0.02 per cent solution of thiamine hydrochloride survived on the average 
50*7 days, only 6 days longer than on the granulated fructose alone, representing 
only a 10.6 per cent increase. Like the rats on granulated fructose alone, these 

SINGLE FOOD CHOICE - SUGARS 

AVCRtGC BOOT wnSHT 



Fig. 2. Graphs showing the average body w^eights of the rats on the single food choice diets. 

rats showed a marked loss of hair over the head and haunches and the presence of a 
sugary film on the remaining hair. 

Fructose Solution and B\. The 10 rats on the 40 per cent solution of fructose and 
with access to the Bi solution survived on the average 55.1 days, not significantly 
longer than did the rats on the granulated fructose and Bi. The hair of these rats 
tvas not sticky; nor tvas there any hair loss. The cages showed only a slight tendency 
to stickiness. 

A comparison of the percentage increase in survdval times of the rats with access 
to Bi, over those that had the sugars only, show's a marked difference between the 
three sugars. With access to Bi the rats fed glucose showed a 98.9 per cent increase 
in survival time; the rats on sucrose a 52.1 per cent increase; the rats on granulated 
fructose a 10.6 per cent increase; and the rats on fructose solution a 31.8 per cent 
increase. 

Body Weight — Fructose. Figure 2 summarizes the results. The curves give 
the average body weights on the loth day before the start of the single food diets, 
the day on which the diet started and, also, the successive 10-day periods. On the 
single foods without Bi the curves are much the same, but on the 40th day the rats 
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on the granulated fructose and those on the fructose solution weighed slightly more 
than did the rats on cither glucose or sucrose. They also lived longer. 

Fructose and Ih- With access to the thiamine solution the rats lost weight at a 
slower rate than did the rats without access to this vitamin (fig. 2 B). The rats on 
glucose lost weight at a slower rate than did those on fructose (granulated or in 
solution). Here again a direct relationship existed between body weight and sur- 
vival time. 

Food Intake — Fructose. Figure 3 gives the average daily food intake in cal/kg. 
of body weight for the rats on the three sugars without and with access to thiamine. 
Figure 3A shows that on the stock diet the average daily intake of the four groups 
of rats ranged from 368 to 419 cal/kg. During the first few* days on the single fo6d 
diets, the rats ate about the same amount of glucose as they had previousl}' eaten 


SINGLE FOOD CHOICE- SUGARS 



Fig. 3. Graphs showing the a\t,rage daily intake in cal/kg. of the rats on the single food 
choice diet. 

of the stock diet; in marked contrast they ate very little or no sucrose or fructose. 
For the first 10 days the average intake dropped only slightly for the rats on glucose 
(from 392 to 340), but much more for the rats on sucrose (from 393 to 265) or on 
fructose (from 419 to 267). Later the rats began to eat more sucrose and fructose 
and to some extent make up for the initial refusal. The intake of the rats on glucose 
decreased at a steady rate while that of the rats on fructose showed an increase during 
the second lo-day period. During tlie 30- to 40-day period the rats on fructose 
took much larger amounts than did the rats on either glucose or sucrose. This 
higher food intake might thus account for the longer survival times and higher 
average body weights of the rats on fructose as compared to those of the rats on 
sucrose or glucose. 

Fructose and Bi. With the thiamine supplement, just as without, the rats on 
sucrose and fructose ate very little or no sugar during the first few days after the 
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change from the stock diet. Figure 3B shows that this brought the average dail}' 
intake of tliese Uvo sugars for the first lo-da}' period far below that of the rats on 
glucose. During the ne.\t lo-day period the rats on sucrose and fructose either 
increased their intake or maintained it at the same level. In the subsequent 10- 
day periods the average of the rats on sucrose, fructose (solution) or glucose de- 
creased at a slow rate, while that of the rats on fructose (granulated) continued to 
show a very slight increase. In all instances the daily intake levels were far above 
those of the rats on the sugars without the thiamine supplement. The record for 
the 50- to 60-day period shows that the intake was lowest for the rats on sucrose 



Fig. 4. Gr^vpii showing the aver<\ge intake of thiamine hydrochloride on the regular 
food choice diet. 

and fructose (solution) ; next came glucose; then fructose (granulated). The actual 
consumption of granulated fructose was not, however, so high as this figure would 
indicate, since a considerable amount was diverted to the rats’ hair and skin and 
to the wires of the cages. Leaving out the record of the rats on the granulated 
fructose the results indicate that the survival times varied with the caloric intake. 

Thiamine Inlahe. Figure 4 summarizes the results. It gives the average daily 
intake of thiamine hydrochloride per kilogram body weight for each group of rats. 
The curve for fructose in solution parallels that for sucrose during the first 30 days, 
with both decreasing gradual^; thereafter the rats on fructose solution continued to 
take less and less thiamine while those on sucrose gradually increased their intake, 
now coinciding with the thiamine intake for the rats on glucose. The glucose rats 
started out taking much less tliiamine than the others and then after an initial 
drop increased their intakes steadily. 
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The groups of rats on granulated fructose took very much more thiamine 
throughout their lives than did any other group. Their curve also shows a gradual 
though irregular decline, 'riic presence of the large amounts of fructose on the hair 
and on the cages may in some way account for this higher thiamine intake. 

Vaginal Smears. No difference in the cstrous cycles as determined l)y the 
vaginal smears was found between the three sugars. In all instances only one or two 
four-day cycles were found after the start of the single food diet, without and with Bi. 
After that the rats all .showed constant dicstrous smears. 

BISCUSSION 

The results showed that when granulated fructose is fed as a single food to rats 
it sticks to their paws and snouts and from there becomes distributed to the hair and 
skin on the rest of their bodies, also to the wires of their cages. This same tendency 
was shown by sucrose, but to a much le.ss marked degree; it was not shown at all by 
glucose. 

This finding indicates that fructose must have some property that is definitely 
less marked or even lacking in glucose. Fructose is about twice as soluble as sucrose 
( 374.78 gm/roo gm. of water as compared to 203.09) and about four times as soluble 
as glucose (97 . 51 gm/ioo gm. of water) (4), so this property could be a higher solu- 
bility. However it absorbs moisture much more readily than does glucose, so this 
property more likely is a higher hygroscopic action, 
property involves physical characteristics other than these two. 

The presence of fructose on the skin and hair introduces several complications 
jn these experiments. In the first place it may enable bacteria or moulds to grow 
on the hair and in the follicles and so do damage to the hair; in the second place bac- 
teria or moulds thus nourished may ser%’e as a source of nitrogenous substances and 
vitamins that the rats may obtain as they lick their hair and skin in cleaning them- 
selves; and in the third place the bacteria thus ingested might change tlie flora of the 
digestive tract. It would not e.xplain the failure of thiamine to have as much effect 
on the utilization of fructose as it does on glucose. 

The fact that the rat’s hair grows in waves that start from the belly and move 
up the sides in more or less parallel lines to the back and reach last of all the top of 
the head and the haunches (5) may e.xplain the localization of hair loss in these places 
in the present experiment. Any hair lost over these areas would be the last to be 
replaced. 


C0N'CI.t7SI0NS 

These single food choice e.xperiments showed that fructose has some property 
that makes it stick to the paws, snout, hair and skin of rats. The presence of the 
sugar on the hair in some way promotes the loss of hair especially on the head and 
haunches. The evidence indicates that the sugar achieves this effect through an 
external rather than an internal action. Single food choice e.xperiments on fructose 
are complicated i) by the fact that not all of the fructose taken from the food re- 
ceptacles is actually eaten by the rats, sotne of it being diverted to the skin and hair, 
and the wires of the cages; and 2) by the possibility that bacteria or moulds may grow 
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in the fructose and thus suppl}* the rats with vitamins and proteins. Offering the 
fructose' in solution at least in part obviated these complications. Under the condi- 
tions of these single food choice experiments the rats lived longer on fructose (solu- 
tion) than on either glucose or sucrose (41.8 days as compared to 37.2 days and 36.8 
days respectively). Access to a 0.02 per cent solution of thiamine hydrochloride in- 
creased the survdval times of the rats on fructose to 55.1 days, on sucrose to 56.4 days, 
on glucose to 74.0 daj's, or 31.8, 52.1 and 98.9 per cent, respectively. 

These results indicate that thiamine has less effect on the utilization of sucrose 
and fructose than it does on the utilization of glucose. 
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EFFECT OF CERTAIN CHOLERETIC AGENTS ON EXCRE- 
TION OF PIGMENT AND BROMSULFALEIN IN BILE 

A. CANTAROW, C. \Y. WIRTS, W. J. SNAPE and L. L. AIILLER' 

From Ihc Dcparlmotls of Biochemistry^ Pbysiolos,y and Medicine, Jefferson Medical College 

PinLADEI.PIItA, PENNSVIA’ANIA 

I N A previous communication (i) we reported observations on the rate of biliary 
excretion of endogenous and exogenous bile-pigment and bromsulfalcin in 
Thomas-type tubulated duodenal-fistula dogs (2-4), in which normal nutrition 
and liver function can be maintained for many months to several years. These data 
serve as controls for the present study of the influence of certain choleretic agents 
upon biliary excretion of the substances mentioned. There is comparatively* little 
precise information on these points in the literature. Practically none of the per- 
tinent reported studies is entirely satisfactory because of defects inherent cither in 
the analytical methods employed or in the conditions of the experiment. The 
majority were acute experiments conducted under anesthesia, which affects the flow 
of bile and, conceivably, the response to a choleretic agent. Others were performed 
in dogs with the Rous-!McMaster type of permanent external bile fistula, which have 
been found to have, almost invariably, some degree of impairment of liver function, 
even though apparently healthy (4, 5). 

It is felt that the data presented here, to which these objections cannot be raised, 
represent the response to administration of the choleretic agents employed under as 
nearly normal conditions as can be attained at the present time. 

Materials and Methods 

Five trained, cholecystcctomizcd dogs were used, provided witli gastric and duodenal fistulac 
fitted with large cannulac, as described by Thomas (2). The duodenal fistula was placed opposite 
the ampulla of Vatcr and bile was collected by inserting a temporarj- glass cannula (3, 4) into the 
common duct. The bile was allowed to drain into graduated tubes until the flow became constant. 
It was then collected in 15-minutc samples. 

/Vfter a one-hour control bile collection period, the choleretic agents employed were injected 
intravenously as follows: a) sodium dehydrocholate, 10 cc. of a 20 per cent solution; b) sodium salt of 
2-phenylquinoline-4 carboxylic acid (sodium cinchophen), 10 per cent solution, 40 or 50 mg/kg. body 
weight; c) sodium cholate, roper cent solution, 50 mg/kg. body weight. 

Bilirubin (Eastman Kodak Co.) was injected intravenously in one per cent NaiCOj solution 
(one mg. bilirubin/cc.), in a dosage of one mg/kg. body weight. Bromsulfalcin (BSP) was injected 
in a dosage of 5 mg/kg. bodj* weight. These were injected simultaneously with the choleretic agents. 

Bile was collected subsequently in 15-minutc samples. Each sample was made up to 5 or 10 
cc. with distilled water. Determinations of total pigment in bile were made by the method of Malloy 
(6) and of BSP by a method described by Cantarow and Wirts (7). 

RESULTS 

Endogenous Pigment Excretion {tables i and 2). The bile volume increased 
promptly in 2 dogs after intravenous injection of 2 gm. of sodium dehydrocholate, 
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reaching a maximum in 30 to 60 minutes and returning to the pre-injection level in 
i| to 2I hours. The hourly volume increased 271 and 854 per cent in the first hour, 
and o and 297 per cent in the second hour. There was a decrease of 78 and 29 per 
cent during the third hour. The net three-hour increase was 193 and 1122 per cent, 
respectively. The bile pigment excretion increased promptly, reaching a maximum 
in the first 15 minutes, the concentration of pigment falling to a minimum value at 
30 minutes. The changes in pigment excretion were as follows: first hour, -{-90 and 


Table i. Effect of choleretic agents on bile v^olume and bile pigment output 





PRE-INJECTION 


POST-INJECTION BILE 












DOG 

CHOLERETIC AGENT 


I HOUR 

__ . . .. 

ist Hour 

2nd Hour 

3rd Hour 




Vol. 

Pigment 

Vol. 

Pigment 

Vol. 

Pigment 

Vol. 

Pigment 



mg.j 

kg- 

cc. 

mg. 

cc. 

mg. 

CC. 

mg. 

CC. 

mg. 

3 

Sodium dehydrochoiate 

100 

3 -S 

2.72 

33-4 

4. IS 

13-9 

2.94 

2.5 

2.10 

5 

Sodium dehydrochoiate 

144 

14.0 

2-13 

S 2.0 

4.10 

I3-.8 

2.43 

3-1 

2.10 

I 

Sodium cinchophen 

so 

1.4 

2.80 

9.4 

7.31 

6.2 

4-83 

5.’2 

7.27 

3 

Sodium cinchophen 

50 

2.1 

1.87 

24.8 

8.06 

21 .6 

6.20 

20.4 

5-35 

4 

Sodium cinchophen 

SO 

8.2 

2.06 

21.2 

CO 

fO 

15-0 

4.68 

0.8 

0.46 

5 

Sodium cinchophen 

40 

Q.O 

2.74 

36.0 

4 -SS 

18.2 

2.61 

S.r 

1.79 

5 

Sodium cinchophen 

40 

3-3 

1. 00 

28.3 

8.42 

12.7 

3-13 

5-4 

3-02 

2 

Sodium cholate 

SO 

3-3 

2-59 

8.3 

4. 20 

0.9 

0.67 

1. 1 


2 

Sodium cholate 

50 

2.8 

2.93 

13.7 

3-46 

7-2 

6.88 

3-4 

4.06 

5 

Sodium cholate 

SO 

7-4 

2.17 

14.0 

3-93 

6.2 

4-25 

6.4 

5-92 


Table 2. Effect of double injection of sodium cinchophen (each 50 mg/kg. body 


weight) on bile volume and bile pigment output 



PRE-INJECTION 

AFTER FIRST INJECTION 

j AFTER SECOND INJECTION 

DOG 

I HOUR 

I HOUR 

ist Hour 

1 

2nd Hour 


Vol. 

Pigment 

Vol. 

Pigment 

Vol. 

Pigment 

Vol. 

Pigment 


CC. 

mg. 

CC. 

mg. 

1 i 

mg. 

j cc. 

mg. 

3 

5-5 

3.10 

25.6 

5-92 

24.4 

3-94 

21.3 

3.62 

s 

5-5 

2.28 

27.2 


18. 1 

1.92 

17.2 

2.31 

5 

10.5 

3-18 

43-0 

■Qi 

38.6 

3.98 

32-8 

4-43 


-f 53 per cent; second hour, o and -{-13 per cent; third hour, —23 and o per cent; 
the net three-hour increase was 67 and 66 per cent respectively. 

In five instances after injection of sodium cinchophen the bile volume increased 
to a maximum in 15 to 30 minutes, the choleresis persisting for 1I-3-I- hours. The 
hourly changes were as follows: first hour, -}-i58 to -f 1081 per cent; second hour, 
-f-83 to +929 per cent; third hour, —90 to -1-871 per cent. The net three-hour 
volume increase was 151-2881 per cent. The bile pigment excretion rose promptly 
to a maximum within 15 minutes in 4 instances and at 90 minutes in i instance. 
The concentration of pigment fell simultaneous^ to a minimum level in 30 to 60 
minutes. The hourly changes in pigment excretion were as follows: first hour, -f 66 
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(in mg/ 100 gm. of diet): thiamin, i; riboflavin, 2; {>yridoxinc, i; niacinamide, 2; 
calcium pantothenate, 4; inositol, 200; p-amino benzoic acid, 60; folic acid, 2; biotin, 
0.001; and 2 methyl 1-4 naphthoquinone, 0.4. In addition, vitamins A, D, and E 
were supplied as halivcr oil wilii viostcrol fortified with alpha-tocopherol (100 mg/ 
50 cc). Three drops were administered to each rat twice weekly. To this sjiithelic 
basal diet various supplements for the difTcrent experimental groups, as described 
below, were added. 


Tablk I. Averagi: body weicht.s* (ik cm.) or controi. rat.s and or rats gives 

COBALT WITHOUT ASD WTH CHOUSE 


WKS. ON' 1 



1 Control 

CobMt Alone 

Cobalt -f “Low* Choline! 

1 Cobalt 4- 'Hish* Choline’ 

0 

44 ( 3S- 50) 

45 ( . 37 - 52) 

46 ( .38- sS) 

1 52 ( 4 . 5 - 62) 

I 

no ( 8.1-143) 

77 ( 60- 05) 

71 ( 6s- 78 ) 

I 83 ( 71- 96) 

2 

162 (145-203) 

98 ( 80-115) 

102 ( 92-118) 

1 86 ( 72- 98) 

3 

209 (158-253) 

113 ( 9.3-130) 

112 ( 94-134) 

i 97 ( 81-113) 

4 

238 (iQS-310) 

135 (112-165) 

132 (113-16S) 

j 117 ( 94-138) 

s 

298 (240-367) 

157 (12S-203) 

15s (131-208) 

[ 136 (107-162) 

6 

325 (275-405) 

176 (i.lS-230) 

173 (14S-238) 

1 166 (134-197) 

7 

352 (285-.153) 

195 (160-255) 

190 (165-253) 

1 18S (149-218) 

8 

376 (298-.19S) 

205 (181-258) 

201 (178-260) 

205 (163-237) 

9 

398 (318-525) 

222 (190-280) 

21S (1S7-283) 

222 (174-253) 

10 

420 (330-553) 

237 (198-303) 

233 (19S-292) 

241 (189-279) 

II 

442 (343-5S6) ! 

253 (204-325) 

1 249 (220-310) 

252 (203-293) 

12 

463 ( 3 S 3 -t' 20 ) 

269 (210-335) 

i 260 (213-343) 

266 (212-313) 

13 

485 (3(^3-460) 

285 (214-360) 

272 (233-372) 

3 

14 

493 (361-675) 1 

289 (208-360) 

277 (244-370) 


IS 

i .503 (370-685) 1 

301 (225-375) 

281 (248-372) 

i 

i 

16 

517 (380-698) 1 

309 (228-390) 

288 (250-382) 


17 1 

520 (375-704) 

314 (225-400) 

293 (260-383) 


18 1 

^ 526 (390-C98) 

326 (240-416) 

305 (265-383) 


19 

535 (398-702) 

333 (240-419) 

318 (25S-408) 


20 j 

542 (410-706) 

347 (260-433) 

336 (265-404) 



* Minimum and ma.vimum values for individual animals arc given in parentheses. 
- ‘Low’ level of choline = 2.0 gm kilo diet; ‘High' level = 6.0 gm kilo diet. 

’ Group discontinued. 


The animals were divided into four groups, the control group, the cobalt group, 
and two groups receiving cobalt plus choline. Choline was given at two different 
levels: 2.0 gm. (Davis used 1.91 gm. per kilo diet), and 6.0 gm/kilo diet, respectively. 
The higher level was used to determine what effect would be obtained with a higher 
dosage. The control animals received 2 gm. of choline per kilo diet. The other 
three groups were given 477 mg. of recrystallized C0SO4 -71120 per kilo diet. This 
amount supplies approximately^ i.o mg. cobalt per day. Each group consisted of 
12 animals and the experiment was continued for a period of 20 weeks. The bod}'^ 
weights of the anknals were followed weekly. The food intake was recorded daily 
and the hemoglobin levels were measured bi-weekly. The hemoglobin values were 
determined by an acid hematin method employing a Coleman spectrophotometer 
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calibrated by the O2 capacity method. Samples of blood were obtained by piercing 
the dorsal tail vein of the animal. 

RESULTS AND DISCUSSION 

From the data in table i, showing the average body weights for the various 
groups, it is evident tliat the control animals grew at a rapid rate reaching a value 


Table 2. .A\t:rage hemoglobin* values* (gm. per cent:) of control rats and of 

RATS GIVEN COBALT WITHOUT AND WITH CHOLINE 


yvKS, ox 


CROUP 



Control 

Cob.ilt Alone 

Cob.ilt + ‘Low’ Choline- 

Cobalt -f- ‘High’ CboUnc- 

Initial 

10. 5 ( 8.5-12.7) 

II. 5 ( 8.9-13.7) 

11.5 ( 7.0-13.7) 

II. 3 (10. 0-13. 3) 

2 

12.8 (ll. 3-15.0) 

12.5 (12.6-16.4) 

14.8 (12.8-17.4) 

15.2 (14.0-16.2) 

4 

13.3 (11.6-14.4) ' 

15-5 (I 3 -I-I 9 - 3 ) 

16.6 (13. 7-21. 2) 

16.1 (13. 9-17. 7) 

6 

14-7 (I 3 - 3 - 15 - 9 ) ! 

16.0 (14.0-18.5) 

17.6 (15.1-19.8) 

16.8 (13.5-lg.i) 

s 

14. S (12.8-16.1) 

17-3 (15-S-20.2) 

17.6 (15. 9-19. 9) 

18.5 (17. 9-19. 4) 

10 

14. 8 (13.^15.8) i 

1S.6 (16.1-20.4) 

1S.9 (16.6-20.4) 

1 1S.9 (17.0-19.6) 

12 

15.2 (13.4-16.3) 1 

ig.o (16. 6-20. 8) 

19.2 (17.2-20.4) 

19.5 (17.6-20.4) 

14 

15-7 (rs. 2 -U>- 4 ) 

ig.6 (i 7 . 4 -" 3 -*) 

19.6 (16. 1-20.4) 

3 

16 

15.6 (15.2-16.2) 

19.6 (17.6-22.7) 

19.4 (16.8-22.1) 


18 

15.6 (14.S-16.1) j 

19-7 (17.7-22-7) : 

19.5 (17.3-20.9) 


20 

15. 5 (14.8-16.3) j 

20.4 (19.0-22.4) j 

20.1 (17. 4-21. 8) 



* Minimum and maximum values for individual animals are given in parentheses. 
- ‘Low’ level of choline = 2.0 gm kilo diet; ‘High’ level = 6.0 gm kilo diet. 

® Group discontinued. 


Table 3. Statistical analysis of hemoglobin data 


j 

CROUP 1 

AV. HEMOCLOBIK 

STANDARD 

DEVIATION 

PROBABLE ERROR 
OF THE MEAN 

PROBABLE ERROR 
OF DIFFERENCE 
BET^VEEN MEANS* 

Control 

IS-S 

±0.17 

rho.oS 

■mil 

Cobalt — 12 wks 

19.0 

±1.24 

±0.24 


Cobalt — 20 wks 

20,4 

±0.95 

±0.23 


Cobalt + ‘Low’ Choline — 20 wks 

20.1 

± 1-33 

±0.37 


Cobalt + ‘High’ Choline — 12 wks 

19.2 

±i .11 

±0.25 



* Comparison made with group given cobalt alone for corresponding period of time. 


of 542 gm. in 20 weeks. The animals which received cobalt showed obvious indica- 
tions of interference with body growth. Their -weight increased steadily but at a far 
less rapid rate, attaining an average value of only 347 grams in the same experimental 
period. The animals of the two groups which received choline with cobalt showed 
no better growth than those which had received cobalt alone. Their weights followed 
a course almost directly parallel with those of the cobalt group, reaching weights of 
336 for the low-choline group after 20 weeks and 266 grams at the end of 12 weeks for 
the high-choline group. The latter group was discontinued at the end of 12 weeks' 
since their growth and hematological responses had been the same as those of the 
group given the lower level of choline. The average daily food intake for the animals 
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of the various cobalt-fcd groups was uniformly between 12 to 14 grams per day; the 
controls consumed a slightly liighcr level, 15 to 16 grams. 

The average hemoglobin data given in table 2 show the ex])ectcd steady increase 
with age in all of the groups. From an average range of initial values of 10.5 to 
11.5 grams per cent, the levels of each group increased until approximately the 12th 
to 14th week of the e.xj)erimental period, then stabilized. Thus the control rats 
attained a constant average value of about 15.5 grams per cent, while the cobalt- 
fed group reached a level of apjiroximately 20 grams per cent. Both groups receiving 
choline with cobalt also showed an average hemoglobin value of approximately 20 
grams per cent. In table 3 arc given the results of a statistical analysis of the hemo- 
globin data. It is evident that there is no significant diilercncc between the values 
for the animals given cobalt alone and those supplemented with choline at cither level. 

The present data thus show no demonstrable effect on the polycythemia pro- 
duced by cobalt from supplements of choline given at either of the dosage levels 
employed. These data are therefore not in agreement with those obtained by Davis 
in the dog. It is rather difficult to c.xplain the apparent discrepancy between the 
results unless it be one of a species difference in response to choline administration. 
However, Best’s report (4) that choline administered orally to the dog does not pro- 
duce an anemia as has been claimed by other investigators (5, 6) likewise indicates 
the absence of a demonstrable effect of choline on hemopoiesis in this species at the 
dosage levels employed. The recent observations of Kunkel and co-workers (7), 
that the parenteral administration of acetylcholine to dogs docs not produce an 
anemia as has been claimed by others (6), is also interesting in this connection. 

CONCLUSIONS 

Polycythemia, as evidenced by a marked increase in the hemoglobin level, was 
produced in rats by the continued oral administration of a small amount of cobalt as 
a supplement to an adequate, synthetic diet. Tlie cobalt-fed animals grew at a 
decreased rate and the average hemoglobin level reached approximately 20 gm/100 
ml. of blood. 

The administration of choline, at a level of either 2.0 or 6.0 gm/kilo diet, with 
cobalt resulted in the same retardation of growth and the development of a poly- 
C3rthemia to the same extent as found in rats given cobalt alone. 

These results are therefore not in accord with the claim that, in the dog, choline 
prevents the production of polycj'themia by cobalt. 

Appreciation is expressed to Dr. Thomas H. Jukes, Lcderlc Laboratories, for a generous supply 
of folic acid. 
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SOME PHYSIOLOGICAL EFFECTS ASSOCIATED WITH 
CHRONIC CALORIC RESTRICTION^ 

ROSWELL K. BOTJTWELL, IMIRIAM K. BRUSH and HAROLD P. RUSCH 
Fro}n the McArdle Memorial Laboratory, University of Wisconsin Medical School 

HADISON, -WISCONSIN 

T he inhibiting effect of caloric restriction on the formation of experimental 
tumors is well established (i, 2), but little is known concerning the mecha- 
nism by which this occurs. As early as 1914 Rous (3) observed that the 
development of mammary tumor transplants and metastases in the mouse was de- 
layed by food restriction and he suggested that this effect was due to a delay in the 
vascularization and in the development of a supporting stroma upon which the tumor 
is dependent. The inhibition of the formation of spontaneous mammary cancer in 
mice on a reduced food intake has been explained on the basis of a pituitary insuffi- 
ciency producing a decreased ovarian secretion (4) . Thus, one of the factors essential 
for the occurrence of this type of tumor is deficient when caloric intake is restricted. 
However, the mechanism of the inhibiting effect of simple caloric restriction on the 
development of other types of neoplasms remains obscure. 

In order to obtain further information on this problem, a preliminary survey of 
certain organ weights (pituitary, thyroid, adrenal, thymus, ovary, uterus, heart, liver 
and kidney) was made on groups of 12 to 16 mice kept on ad libitum or restricted diets 
for one week, one month and seven months. The results confirmed the conclusion 
that a reduction in caloric intake decreased ovarian function and in addition suggested 
that it increased adrenal cortical activity. In order to obtain further information 
concerning a possible adrenal stimulation, several criteria that indicate the activity 
of this organ were investigated. These included data on the weight and ascorbic acid 
content of the adrenals, the content of glycogen in the liver under different conditions 
and the activity of the lymphatic system as measured by the weight of the thymus 
and by lymphocyte counts. 


METHODS 

• 

Male and female mice of the ABC and Rockland strains, 2 to 3 months of age, 
were used. Mice of only one strain and one sex were used in any particular experi- 
ment. Groups of 6 to 18 mice were kept in screen bottom cages and fed from a special 
type of feeder (5) either at ad libitum (generally 10 to 12 cal/mouse/day) or at re- 
stricted levels (6 to 7.2 cal/mouse/day). The diet was weighed into the feeders 
daily and the mice were fed at about 9:00 a.m. The composition of the artificial 
t3'pe diets is shown in table i. Water was available to both groups at all times. 

• Received for publication July 22, 1948. 

1 This investigation was supported by a grant from the American Cancer Society on recom- 
mendation of the Committee on Growth of the National Research Council and by a grant from the 
Wisconsin Division of the American Cancer Society. 
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Samples for organ weiglit, liver glycogen, blood sugar and adrenal ascorbic add 
determinations were taken from mice as soon as tlic corneal reflex disappeared follow- 
ing the injection of sodium pentobarbital. Blood was withdrawn from the right 
ventricle of the exposed heart with a syringe moistened v/ith a solution of the sodium 
salt of heparin (10 mg/cc). The weights of organs under 50 mg, were quickly deter- 
mined to 0,02 mg, on a torsion balance. Liver samples were dropped without delay 
into a tared tube containing 2.0 cc. of 30 ])cr cent alkali and glycogen digests were 
made according to the method of Good, Kramer and Son1og>'i (6). Glucose deter- 
minations on the digests and on deproteinized blood filtrates were made by the iodo- 
metric copper method of Somogyi (7). Tlic liver glycogen values were expressed in 
terms of the glucose equivalent. The adrenal ascorbic acid determinations were 
made by the method of Roc and Kuether (8). Tail blood was used for the total white 
cell counts. The estrus cycle was followed by the usual vaginal smear technique. 

TAHi.r, 1. CoifPOsiTJo:; or diets 


AD Ur.jTCM RESTRICTTO 

Cerelose 7S 36.6 

Casein 15 15 

Comoil 2 2 

Liver cone 1 i 

.Salt mix’ 4 


lOQ 55-6 

Vitamins added; mg/ 15 gm. of casein; thiamine h3’drochloridc, 0.3; rilxifl.ivin, 0.3; pyridoxine 
hydrochloride. 0.3; niacinamide, 0.3; calcium pantothenate, 2.0; inositol, 25; p-aminobenzoic acid, 
25; choline chloride, 50; ptcroylglutamic acid, o.i; .and biotin, o.oi. Halibut liver oil was added 
to the corn oil at the level of 7500 vitamin A units and 108 vitamin D units jior kg. (6 drops 1 
kg. of diet). 

’ Phillips, P. H. axd E. B. Hart. /. Biol. Client. 109: 657, 1935. 

EXPERLMEXTAI, AN'D RESULTS 

Liter Glycogen and Blood Sugar, The diurnal fluctuation of liver glycogen and 
also blood sugar was followed in mice adapted to the restricted and ad libilnm diets. 
Since the feeding habits of these mice differed, this variation must be considered in 
relation to the results. Mice, restricted in food, consumed their daily allotment in 
less than one hour after the g;oo a.m. feeding time. Plowever, six hours later their 
stomachs were still distended with ration, which was mostly in an undigested, semi- 
dry state. Even 12 hours after feeding time considerable amounts of partially 
digested food were still present, but by 24 hours the stomach was empty. The mice 
that were allowed the full ration were also fed at 9:00 a.m., but the major portion of 
their food w'as eaten between 6; 00 p.m. and midnight. At no time was the stomach 
distended nor was a dry mass of diet found therein. 

After an equilibration period of four weeks or longer, the content of gtycogen in 
the liver was determined in mice taken from the two groups at 3:00 p.m., 9:00 p.m. 
and 9:00 A,M. the following morning (6, 12 and 24 hours after feeding time, respec- 
tively). The results are plotted in figure i. Each point is an average of 19 or 20 
mice in the curve representing the restricted group and of 6 mice to a point in the 
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cun.e depicting the mice on the ad lUnUm diet. The same data were repJotted for tire 
second 24-hour period to emphasize the cyclic nature of the changes. This diurnal 
variation m liver glycogen of restricted animals was apparent by the fourth day after 
ra one restriction was begun and reached the extremes similar to those shown in 
gure I by tenth day, after which there was no change for as long as 193 days, 
he unusually high level of liver glycogen in the restricted mice 6 hours after feeding 


'GLYCOGEN 



_ Fig. 2 {right). Effect of a frolonged fast on the level of glycogen in the livers of mice 
raamtamed on ad libitum and restricted diets. The last food was given 24 hours prior to the zero 
time of these curves, and the zero time of this figure corresponds to the points at g a.m. on the curves 
m figure i. The fast was continued until the death of the animals. 


Table 2. Average level of blood sugar of mice adapted to restricted and ad libitum 

FEEDING HABITS AT 6, 12 AND 24 HOURS AFTER FEEDING TIME. ThE NUMBER OF ANIMALS PER 

GROUP IS SHOWN IN PARENTHESES 


KESTWera) LIBITOU 

mS- /o mg. % 

6 101.4(7) 114.5(8) 

12 65.1 (6) gi . 7 (7) 

24 97 - 4 ( 8 ) 158.8(8) 


was of the same magnitude as that reported by Long and his associates (9) for mice 
given injections of cortin and allowed ration ad libitum. 

At the same time that the mice were sacrificed for the glycogen determination, 
blood was obtained for the analysis of sugar. There was a daily variation with the 
feeding habits of the mice in both groups, yet the well fed mice showed a consistently 
higher level of blood sugar (table 2). This finding is in agreement with the earlier 
obsen'-ation of Rusch, Johnson and Kline (10). 

It is well known that the administration of certain adrenal cortical steroids to a 
fasdng mouse will prevent the expected depletion of liver glycogen reserves (9). 
This principle was the basis for an experiment to test the endogenous production of 
cortical hormones by mice on restricted and ad libitum feeding habits. The fast was 
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begun by removing the food containers from the cages of both groups of mice at ptc 
A.M., 24 Iiours after the last feeding time, and accordingly this point is represented a 
zero time in the presentation of the data (fig. 2). It also follows that the glycoge 
values at this time are the same as at 9:00 a.m. in the experiment described in th 
preceding paragraphs. In the case of mice on the ad libiltm regimen, the level of live 
glycogen rapidly fell to values below 100 mg. per cent and it remained at this low levc 
for 60 hours when it increased to about 700 mg. per cent, an observation similar t( 
that made by Mirski and his associates (ii). This probably indicated stimulatioj 
of adrenal cortical activity after the stress of an acute starvation. In contrast, th 
content of glycogen in the liver of restricted mice never decreased below the zero timi 
level of 700 mg. per cent and was indicative of a high level of cortical activity prior t( 
the period of prolonged fast. The length of the e.xperiment was determined by thi 
survival time of the mice in each group and the mice with the greater reserv'cs livec 
the longer, 

A more refined test of endogenous cortical activity was devised by an adaptatiot 
of the adrenal cortical assay method of Venning, Kazmin and Bell (12). They founc 

Table 3. ErrEcr of cai/)uic intake and or a glucose supplehent upo.v the deposition of 
LIVER glycogen (mg. Or glvcogen/ioo gm. livtr)' 


AD WniTUM 

AD LtniTUM 

Rr.STRlCTf.D 

RESTRicrr.D 

COKTROL 

PLUS OLCCOSr. 

CONTROL 

nvs ctucosc 

30 

62 

623 

2250 

■32 

68 

888 

2385 

30 

214 

892 

2420 

64 

493 

1320 

2430 

41 av. 

209 av. 

931 av. 

2376 av 


* Four mice in each group, 

that the injection of small amounts of glucose such that there was no increase in the 
amount of liver glycogen in adrenalectomized mice increased several fold the sensi- 
tivity of the Reinecke-Kendall (13) method for the assay of cor tin preparations. In 
the present study, the effect of small amounts of glucose on the level of liver glycogen 
was determined in fasted Rockland mice previously adapted to the two diets. Two 
intraperitoneal injections of 0.3 cc. of a 5 per cent glucose solution were given 32 and 
33 hours after the last feeding time (corresponding to 8 and 9 hours after zero time.in 
fig. 2). A total of 30 mg. of glucose Avas given to each mouse. The content of gly- 
cogen in the liver of both the glucose injected and control mice was determined three 
hours after the second injection and the results of a typical experiment are shown in 
table 3. The control mice did not receive glucose and the glycogen values are com- 
parable to the 12-hour values shown in figure 2. It is noted that the administration 
of the glucose increased the glycogen in the liver to an average of 2376 mg. per cent 
in the restricted mice, but had a very minor effect on the livers of mice accustomed to 
a diet of abundant calories. Since the average weight of the livers is i gm. in the mice 
on the restricted diets and 1.5 gm. for those on the ad libihim ration, it can be seen 
that about 48 per cent of the total glucose administered was converted to glycogen 
in the underfed mice as compared to only 8 per cent in the fully fed animals. 
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Adrenal and Thymus Wcighls, In a typical experiment, 12 male mice of the 
ABC strain 2I months old were restricted to sLx calories daily for five weeks and 8 
mice were allowed ration ad libilum (between 10 and ii cal. per mouse daily). The 
average weight of the mice at five weeks, the average weight of the glands, and the 
weight of the glands expressed as mg/gm, of body weight are shown in table 4. 
There was no difference in the absolute weight of the adrenals, but the adrenal weight 
relative to the body weight was more than lialf again as large. These findings agree 
witlr tliose reported by Quimb}'- (14) for underfed young male rats but differ from 
those of Mulinos and Pomerantz (15). The latter investigators found an increasein 
adrenal weight in rats on complete starvation but a decrease in the weight of the 
adrenal when the animals were kept on a diet restricted by 50 per cent. The present 

Table 4. Body weights and mteiguts of adrenal and tiiymds glands after 35 days of 

RESTRICTED AND AD LIBITUM CALORIC INTAKE 

No. of mice 

Av. body wt 

.Av. adrenal wt 

Wt. ratio, adrcnal/body 

Av. thymus wt 

Wt. ratio, thymus/body 

’ Standard deviation (S = 

Table s- Effect of caloric restriction on the weigut of the ovaries and the uterus 

RESTRICTED AD LIBITUM 


No. of mice v ® 

Av. bodywt 20.7 gm. 28.6 gm. 

Av. ovarian wt 8.39 mg. 20.5 mg. 

Wt. ratio, ovarian/body 0.408 0.717 

range (0.281-0.606) (0.452-1.06) 

Av. uterine wt 18.5 mg. 86.8 mg. 

Wt. ratio, uterine/body 0.903 3.07 

range (0.361-1.85) (1.23-5.47) 


experiment also showed a striking involution of the thymus gland of restricted mice 
which amounted to a factor of seven on the actual weight basis and of four on the 
relative basis (table 4). 

Lymphocyte Counis. The average total leukocyte and lymphocyte count of 6 
ABC control mice fed ad libitum were 10,300 and 8000 respectively, and of 16 mice 
restricted in calories, 5700 and 1900. The decreased lymphocyte count was largely 
responsible for the lower total counts found in restricted mice. 

Adrenal Ascorbic Acid. The ascorbic acid content of the adrenals of the strain 
ABC mice on the two diets was also determined. There was no difference between 
the two groups. Data from a typical experiment showed that this value averaged 
234 mg/ioo gm. of adrenal (s.d. 9.4) for 8 restricted mice and 237 mg/ 100 gm. (s.d. 
17.6) for 8 mice on the full fed diet. 

Ovarian and Uterine Weights. For this experiment 8 young adult female mice 




RESTRICTED 
, 12 

16.7 gm. 

2.38 mg. 
0.144(0.022)* 
3-86 mg. 
0.236 (0.155)* 


AD LIBITUM 
8 

26.0 gm. 

2.36 mg. 
0.091 (0.010)* 
25.2 mg. 

0.972 (0.168)* 



522 


R. K. BOUTVVELL, M. K. BRUSH AND H. P. RUSCH 


Volume J34 


of the Rockland strain were fed ad Iib{lu})t and 6 were restricted in calories to 60 per 
cent of the other group. After 53 days the ovarian and uterine weights were deter- 
mined and the ratio of these weights to body weights was calculated. The data, 
presented in table 5, showed that average weight and the weight ratio of these two 
organs was reduced by 40 jjcr cent or more in caloric restriction. 

As evidenced by the vaginal smear technic, cstrus ceased in all mice restricted to 
six calories daily, but w'as normal in all mice allowed xo or more ailories of the control 
ration. In order to determine whether the anestrus may have resulted from a de- 
creased production of estrogens or to an inability of the tissues to respond to the 
hormone, the mice on the restricted diet were injected subcuLaneously with 0.08 /ig. 
of estradiol benzoate. Estrus resulted in all the mice which proved that the vaginal 
epithelium was still capable of responding to this stimulus. This is a confirmation 
of an earlier short-term experiment by Mulinos cl al. (16) in which estrus w'as restored 
in rats subjected to complete starvation following the injection of either estradiol 
monobenzoate or gonadotropic hormone (Follutein). 

DISCUSSION' 

Direct methods for the measurement of pituitarj'-adrenal-cortical activity have 
yet to be developed for so small an animal as the mouse. However, there are several 
measurable physiological criteria that indicate the state of this system. An involu- 
tion of the thymus gland (17), a decrease in the lymphocyte count (iS), an increase 
in the weight of the adrenal gland (19, 20) and a decrease in its content of ascorbic acid 
(21), and an increase in gluconeogenesis(9) arc some of the manifestations of an intensi- 
fied adrenal cortical activity. The finding of these changes in the mice restricted in 
calories strongly support the conclusion of a stimulated cortex in this condition. The 
one e.xception was the lack of a measurable change in the ascorbic acid content of the 
adrenal. Apparently the decrease in ascorbic acid is manifest only after conditions 
of acute stress (22), since s'milar changes have not been reported during the mild 
chronic stress described as Type II by Saj'ers ct al. (21). 

The experiments in which liver glycogen was determined in fasting mice previ- 
ously adapted to the two diets and given small glucose supplements are particularly 
significant. The fast eliminated the cyclic effect of food consumption on the amount 
of glycogen (fig. i) and permitted a greater spread in the glycogen content following 
the administration of low levels of glucose to the two groups. By standardizing the 
response in liver glycogen to that obtained with known amounts of cortical steroids, 
this technique is being developed for the assay of the endogenous production of 
hormones of the adrenal cortex. 

The high content of glycogen in the livers of mice on a low caloric intake probably 
arises in part from non-carbohydrate sources such as amino acids and protein. These 
adrenal controlled glycogen precursors can be designated as the building block reser\'e. 
In contrast, the well fed mouse has a rate of cortical steroid secretion which apparently 
causes the conversion of only negligible amounts of this reserve to carbohydrate, as 
is shown by the lower content of liver glycogen. Perhaps this regulation by the 
adrenal explains the inhibiting effect of caloric restriction on tiunor formation. In 
the restricted animal all available nutrients may well be required for the maintenance 
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of life, but in the well fed animal tliere is sufficient energy to satisfy the critical require- 
ments and still allow a resen’-e of building blocks that could be readily available to 
. respond to carcinogenic stimuli with the ultimate appearance of a tumor. These 
conditions apply only during the early stages of tumor development and have little 
effect aften the establishment of an independent blood supply to the neoplasm. 

The results of this experiment appear to be the first demonstration of an acti- 
vated pituitar>"-adrenocortical mechanism in mice on prolonged caloric restriction. 
In contrast, the decreased ovarian and uterine weights and the cessation of estrus in 
the restricted mice reflect a lowered secretion of the gonadotropic hormones, a con- 
clusion also reached b}"- Huseby and his associates (4). This variance in the elabora- 
tion of two of the hormones of the pituitaiy'^ suggest tlmt the ‘general adaptation 
syndrome’ described by Selye (23) might be operative in the mouse restricted in 
calories with a shift to the production of the essential adrenocorticotropin at the ex- 
pense of the less critical hormones. Accordingly, the term pseudohypophysectomy 
used by Mulinos and Pomerantz (24) to describe the condition in chronic or complete 
star\’'ation cannot be used to accurately characterize the condition of the pituitary in 
the mouse chronically restricted in calories. 

Although mice on restricted diets were in anestrus, it is significant that they 
respond normally to physiological amounts of estradiol. This demonstrated that the 
end-organ response was not impaired and that cell proliferation was not incompatible 
with caloric restriction. 


SUMMARY 

The state of activity of the adrenal cortex and of the ovary and uterus was in- 
vestigated in two groups of young adult albino mice maintained for long periods on 
diets varying as to caloric value. One group was allowed a diet ad Ubiiwn while the 
other group was restricted in calories to 60 per cent of the other. 

The mice on the restricted diet were in anestrus, but they responded normally 
to physiological amounts of estradiol. Thus, cell proliferation was still compatible 
with caloric restriction. The study of the estrus cycle together with the determina- 
tion of ovarian and uterine weights indicated a lowered ovarian hormone production 
in mice restricted in calories. In contrast to this, these same mice showed evidence 
of an increased activity of the adrenal cortex; the involution of the thymus, 
the decrease in lymphocytes, the increase in the ratio of the adrenal to body weight 
and the increase in glu coneogenesis all favored this concept. The apparent variance 
in the secretion of the gonadotropic and adrenocorticotropic hormones from the 
pituitary suggested that the ‘general adaptation syndrome’ might be operative in 
mice restricted in calories, i.e. a shift by the pituitary to the elaboration of the essen- 
tial adrenocorticotropin at the expense of other less critical hormones. The relation 
of these findings to the inhibiting effect of caloric restriction on tumor formation is 
described. 

We are indebted to Professor R. K. Afeyer of the Department of Zoology of the University of 
Wisconsin for assistance with some preliminary work in this problem. We also express our thanks 
to Dr. Augustus Gibson of Merck and Company for a generous supply of the B vitamins and to Dr. 
B. L. Hutchings of tlie Lederle Laboratories for the pteroylglutamic acid used in this study. 
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STUDY OF IN TORO jMETHODS FOR THE DE]\IONSTRATION 
OF ISO-AGGLUTINATION YTTH THE BLOODS 
OF NORMAL AND OF ILL DOGS 

ANGIE S. HAMILTON 

From the Harrison Department of Surgical Research, Schools of Medicine, 

University of Pennsylvania 

PraiADELPinA, PENNSYLVANltV 

I N THE course of an investigation of the source of the factor responsible for the 
individual specificitj’^ of normal dog plasma or serum (i) and the relationsliip 
of this factor to the urticaria elicited by infusions of plasma from other dogs, 
an additional syndrome resembling anaphylactic shock was observed occasionally 
(2), While all dogs were sensitive in var)dng degrees to the urticaria-producing 
factor, anaphylactic shock was not necessarily produced in each of two recipients. 
In vivo hemotysis was not demonstrable in the reacting dog. Occasionally the re- 
action was detected only with the aid of certain laboratory criteria, particularly 
leucopenia and delayed disappearance of injected bromsulphalein. The phenomenon 
appeared unexplainable in certain instances except on the basis of blood group in- 
compatibility, with the inclusion of soluble agglutinogen or natural iso-agglutinins 
in the injected plasma. 

It is generally believed that distinct iso-agglutination does not occur with normal dog blood 
(3) and that preliminary blood grouping in dogs is unnecessary for ordinary experimental procedures. 
Isohemolysis and iso-agglutination have been observed, however, follorving sensitization by repeated 
transfusions of whole blood or washed erythrocj'tcs (4-6). Using iso-immune sera, von Dungern 
and Hirszfeld (7) and Brockmann (8) were able to establish the existence of two agglutinogens in dog 
erythrocytes, giving rise to four blood groups. 

The presence of natural iso-agglutinins in dog serum was reported in 1913 by Ottenberg, Kaliski, 
and Friedman (4) and was later confirmed by McEnery and associates (9). The success of the 
agglutination test was attributed by the originators to the fact that saline solution was not added to 
the reacting system which consisted of one volume of defibrinated blood mixed with 19 volumes of 
serum. The test was made at room temperature since incubation at 37° C. resulted in hemolysis 
or in equivocal results. The agglutinations were scattered in such a way, however, that no definite 
groupings comparable to human blood groups could be determined. 

Because of non-specific hemolysis, absence of agglutination, or occasional non- 
specific agglutination, the cell-serum test of Ottenberg proved unreliable in our hands 
as evidenced by transfusion reactions in previous investigations. The present report 
concerns the development of a dependable in vitro method for demonstrating iso- 
agglutination in dog blood. The method, which employs principles elaborated by 
Diamond el al. (10) and by Wiener (ii), involves the resuspension of saline-washed 
dog erythrocytes in albumin solution and testing in albumin-diluted dog serum. 

Received for publicalion July 19, 1948. 
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Dogs. In tlie selection of dogs animals were |)urj)oscly included in all slates of 
nutrition and disease, including moribund dogs as well as normal healthy animals. 
The dogs were mature, rej)rescnlcd both sexes, and as a rule were mongrel in type. 

Equipment and Salulions. All equipment used in the study was chemically 
clean and was sterilized by heat. The solutions used included sterile 0.85 per cent 
sodium chloride prepared with redistilled water, bovine albumin solution, and salt- 
poor human serum albumin readjusted to a salt content of 0.9 to i.o per cent. 

Preparation of Erythrocytes. The following procedure was used: Venous blood 
was withdrawn without foaming into a chilled saline-wet syringe, one volume of blood 
being transferred into 6 or 7 volumes of cold saline, centrifuged at 2500 r.p.m., and 
the supernatant fluid discarded within two minutes of collection of the blood. Two 
more washings were carried out similarly within four minutes. This rapidity of 
manipulation was employed i) in order to keep the temperature as near 4°C. as 
possible during the entire procedure and 2) in order to avoid having to use anti- 
coagulants. The above process is really one of differential centrifugation in the cold, 
the platelets, white cells, and lighter er>''throc)’tes being discarded with the super- 
natant fluid. The method proved to be highly effective for the preserx^ation of dog 
erythrocytes. Uniformity of results required, however, that the cells be incubated 
for a minimum of 15 minutes at 37° to 4o°C. and be washed one or more times in 
warm saline before suspension in albumin solution for the tests of the day. 

Preparation of Serum. A portion of the blood removed for preparation of cells 
was transferred to a chilled saline-wet centrifuge tube kept at 4°C. and the serum 
separated in the cold by centrifugation within about three hours of blood collection. 
This procedure delayed coagulation of the blood, but it was more effective in the 
removal of cold auto-agglutinins in one stage than was the procedure of chilling after 
the clot had formed and partly retracted at room temperature. For routine testing 
sera were stored at 7°C. for a maximum of about one week. 

On the day of testing the serum was diluted with sufficient albumin solution to 
give a final concentration of 10 to 15 per cent albumin in the cell-albumin-serum 
mixture. 

Agglutination Test. The test was conveniently performed by adding one drop 
of cell suspension (5%) to a mixture of two drops each of serum and of 30 per cent 
bovine albumin solution in a glass tube (7.0 mm. inside diameter). After mixing, 
the tubes were centrifuged immediately for 30 seconds at 2500 r.p.m. and the cells 
resuspended by shaking for the purpose of detecting the presence of any cold auto- 
agglutinins reacting rapidly at room temperature. The tubes were then incubated 
for 30 minutes to one hour at 37°C. and after a second brief centrifugation the pres- 
ence and degree of agglutination were determined after gentle shaking of the warm 
tubes. Readings were also made at room temperature and after refrigeration at 
7°C. over night. 

In performing the tests each serum was tested by parallel determinations with 
autogenous cells and the cells of 5 to 10 other dogs. As the work progressed, the 
tests were set up by a schedule which permitted each new serum and cell suspension 
to be tested against the bloods of previously studied dogs, so that agglutinable and 



September 1^48 


ISO-AGGLUTINATION IN DOG BLOOD 


527 


non-agglutinable cells and agglutinating and non-agglutinating sera could be included 
in tlie tests of the day to check stability of the cell suspensions and specificity of the 
agglutinations. 

results 

In vitro studies of compatibility of dog blood were made ufith the erythrocytes of 
40 donors and the sera of 36 of these animals. The red cells of 19 dogs were tested 
with the sera of 25 to 36 dogs; 10 were tested with the sera of 15 to 25 dogs, and 10 
were tested with 6 to 15 sera of appropriate tj^e. In addition, multiple cross match- 
ing tests were made among 20 of the dogs during an interval of two to nine months. 
The study involved 1416 individual tests with albumin as a diluent. 

Of 40 dogs, 20 had erythrocytes which contained specific agglutinable factors. 
The agglutinable cells were agglutinated by the sera of dogs having erythrocytes 
which lacked a specific factor agglutinable by natural dog iso-agglutinins at 32° to 
37 °C. 

Cross Matching of Bloods of Normal Dogs. Cell- Albumin-Serum Method. Repre- 
sentative data obtained by the standard procedure using the cells and sera of pre- 
sumably healthy dogs are illustrated in table i. Dogs ip4 and 41 j had received 
intravenous infusions of pooled or unpooled dog serum three or more months prior to 
this study, and dogs 6g6, 628, and 6og had received sera of other dogs by intradermal 
injection. The results of the tests made with the sera of these animals appeared 
comparable to results obtained with the sera of other animals and are included in 
table I. 

On the basis of cross matching among the normal animals, the symbols X, Y, 
and Z have been used to designate the probable groups into which the bloods could 
be placed. The blood of one dog {dog 66) contained no iso-agglutinins, and the cells 
gave weak at3rpical agglutinations which were poorly sustained at 37°C. 

Other Agglutination Tests. In 97 tests packed washed red cells were added to 
undiluted serum. Of 36 anticipated positive reactions, seven results were negative 
or equivocal at 20° to 24°C. Strong rouleaux formation often complicated the in- 
terpretation of weak or negative reactions. Attempts to incubate the mixtures at 
37°C, for even 5 to 15 minutes led to non-specific hemolysis in most instances. In 
general, cells of group Y were agglutinated while the cells of group Z gave poor ag- 
glutinations or equivocal tests. 

The test using saline solution as a diluent was inadequate in confirming positive 
results obtained with the other methods. In 42 tests made at room temperature, 
four positive tests were obtained in 16 anticipated positive reactions. Non-specific 
hemolysis occurred rapidly at 37°C. The positive reactions were obtained with the 
cells of group Y, and no false positive agglutinations occurred. 

Cross Matching of Bloods of III Dogs with the Bloods of Normal or of III Dogs. 
Blood samples were obtained from ii chronically or acutely ill animals, and in 8 of 
these the bloods were obtained only during illness. 

The sera of sick animals gave satisfactory results when tested against known ag- 
glutinable or non-agglutinable cells of normal dogs. In the three instances where 
bloods were also tested prior to illness or after full recovery, the serum prepared dur- 
ing illness gave the results characteristic for that animal. 



Table i. Results of cross-matching tests with bloods or normal dogs' 
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Although sera free of non-specific agglutinins were fairly easy to prepare from 
the bloods of iU dogs, the preparation of cells free of a factor causing agglutination 
of cells in albumin solution was frequently tedious and time consuming. In general, 
smooth cell-albumin suspensions could be prepared after the cells had been incubated 
and thoroughly washed at 43°C. In two instances the cells required washing at 
5o°C., and satisfactory tests were obtained with the cells so treated, one dog having 
agglutinable cells and the other non-agglutinable cells by specific reactions. Two 
t5>pical experiments are illustrated in table 2. 

Miscellaneous Ohsercalions. Inactivation of dog serum (56°C. for 30 min .) 
frequently intensified its hemolytic action against autogenous or homologous cells 
and also weakened specific agglutinations. Although dog serum stored for one 
month may give no non-specific reactions, occasional weak agglutinations at room 


Table 2. Results of cross-matching tests ivith bloods of ill dogs and normal dogs 


BLOOD GROUPING 
RESULTS BY 
PREVIOUS TESTS 

SERUH 

CELLS OF ILL DOGS 

CELLS or NORilAL DOGS 

Temp, of cell washing 

Cells 

washed at 43 °C. 

Cells washed 
at 37 ‘’C. 

37 °C. 

43 °C. 

37 °C. 

43 °C. 

Bog 

No. 

270 

270 

247 

247 

2ig 

62S 

244 

66 

6og 

328 

' X 

270 

+ 

B 

+d — b-h 

_| — j — 1 — j- 

-t*-b++ 

-bd — bit 

d — ! — b± 

0 

0 

0 

Untested 

247 


■ 

+=b 

0 

0 

0 

0 


0 


Y 


-fdb 

B 

+=b 

0 

0 

0 

0 

0 

0 

0 

Y 

628 


0 


0 

0 

0 

0 

0 

o' 

0^ 

Undetermined 

66 

-hi 

0 


0 

0 

0 

0 

0 

0 

0 

X 

609 

-hi 

0 


+ + + 

-b-1 — h± 

d — b-b-b 

d-b-b± 

zb 

0 

0 

X 

328 

+ db 

0 


H — ! — h± 

d — 

d — bd — bi 

d-> 

0 

0^ 

0 


Data illustrating specific and non-specific agglutinations with the bloods of ill dogs. Dog 270 
appeared normal until following a large blood donation. Dog 247 exhibited chronic inanition 
following intestinal resection. 

1 Values were obtained prior to these experiments. 

temperature, especially of autogenous and homologous cells, have occurred with sera 
stored two to four weeks. 

For routine tests cells were seldom used after more than two days’ storage. 
However, red cells prepared by cell segregation through selective centrifugation in 
the cold remained free of spontaneous hemolysis in saline for 6 to 10 days at 7°C. 
and could usually be agglutinated at room temperature. Such cells in albumin- 
diluted serum, however, withstood incubation at 37°C. very poorly. The specially 
prepared cells suspended in albumin were unusually resistant to spontaneous hemol- 
ysis even when foamed and left at room temperature for the day or when stored at 
7°C. for several weeks. 

Although microscopic examinations were not made routinely on negative 
macroscopic tests, non-agglutinability of the cells of normal dogs in group X and non- 
agglutinability of cells of group Y by the sera of dogs of group Y was repeatedly con- 
firmed by microscopic examination. 
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DISCUSSION 

The results of this stuck' confirm the original conclusion of Ottenberg cl al. (4) 
that iso-agglutinins occur in the bloods of normal dogs and can be demonstrated in 
a cell-serum system even though the classical ccll-salinc-scrum method usually gives 
negative results. 

Because of non-.spccific hemolysis, frequent false negative agglutinations, or 
auto-agglutinations, the iu vitro method of Ottenberg cl al. (4) has proved unreliable 
in our hands. By using serum albumin solution as a medium for the suspension of 
specially prepared dog cells and as a diluent for scrum previously e.Khausted of in- 
terfering auto-agglutinins active at room temperature or higher, both .specificity and 
increased sensitivity have been obtained with dog blood in macroscopic agglutination 
tests. 

According to current theories conglutination of red cells suspended in serum or 
albumin solution by an antibody which fails to give visible agglutination when the 
serum is diluted with saline solution signifies that an antibod\' of the 'univalent’ or 


Table 3 


BLOOD c.roDrs 1 

AncLUTisoor.?; ik 

I iso-AnGiLTiNi;; 

i 

j isa-ACGunrisiN' or 

n.TJU-QLTNT OR IERXGLT.AR 
\ OCCCRRrS'CE 

1 

DcsiEnalion 

Incidence 

SKI) CELLS 

j IS SERfU 

j 

I 

1 

X 1 

1 

30 1 

B 

1 

1 a»cti i 

i 

1 

I 

1 

I 

40 1 

BA. 

None 

Of; 


; 7.3 I 

BA- 

; None 

I a. (not observed) 

Undetermined j 

i 

B(?) 

None 

1 ? 


‘blocking’ t3’'pe is present (10, ii). Whether or not this e.vpianation applies to the 
iso-agglutinations obtained with dog sera is unknown. That inhibition of non- 
specific hemolysis by albumin was an essential factor in the success of this method 
is suggested by the observed remarkable power of albumin (10 to 15%) to preserve 
specialty prepared dog cells and to inhibit or delay hemolysis in cell-albumin-serura 
mixtures during incubation at 37°C. The obser\'ations do suggest, however, that 
the factor adsorbed on certain cells and gkdng rise to weak agglutination in albumin 
solution in the absence of serum may be an auto-agglutinin of the ‘blocking’ tj^pe. 

The agglutination patterns obtained \vith the cell-albumin-serum method in- 
dicate that the bloods of most mongrel dogs can be placed in one of two majorgroups. 
Fifty per cent of the dogs had erythrocytes which were not specificalty agglutinable, 
whereas their sera agglutinated all erythrocytes possessing agglutinable factors. 
Of the remaining dogs, all had agglutinable cells, and iso-agglutinins were absent 
except in 4 dogs in -which the sera contained weak iso-agglutinins at irregular inter- 
vals. Some reluctance was felt in assigning anj' significance to these inconstant 
agglutinations of the cells of 3 dogs of group Z by the sera of 4 dogs of group Y. 
However, in a similar situation, the blood of a dog of group Z {dog 6g6) produced a 
non-hemotytic reaction on primary transfusion into the recipient. The recipient’s 
response consisted of salivation, severe leukopenia, and delaj'ed disappearance of 
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bromsulphalein. This incompatibility may be analogous to the in vivo incompati- 
bilities encountered occasionally in humans of groups Ai and A2. 

According to reports in the older literature the bloods of some dogs absorb anti-A 
agglutinins, and all dog erythrocytes absorb the human anti-B agglutinin (3, 8). 
Brockmann (8) in 1911 demonstrated that the sera of some normal dogs specifically 
agglutinate group A cells of human blood. Data not presented in the present report 
established the fact that the sera of all the dogs assigned to group X contained ag- 
glutinins strongly active against human Ai and AiB cells. Although ai agglutinins 
were lacking in the sera of animals possessing agglutinable cells, the sera of some of 
the dogs of group Y contained weak anti -0 (0:2) agglutinins (2). 

If all dog erythrocytes contain an agglutinogen resembling that of human B 
cells and if the erythrocytes of certain dogs contain an A-like agglutinogen, it appears 
probable that the latter agglutinogen is responsible for the iso-agglutinations found 
in dog blood. The blood groupings illustrated in table 3 are therefore suggested as 
being consistent with observations reported in the hterature and with those described 
in this report. 

According to this hypothesis and by analogy to the human groups, the two 
specific dog agglutinogens detected with iso-immune sera by von Dungern and Hirsz- 
feld (7) and designated as A and B by them would resemble those of human A bloods. 

CONCLUSIONS 

1. Dog bloods contain natural iso-agglutinins. 

2. The hemolysis occurring in normal dog blood is non-specific. 

3. Ninety per cent of mongrel dogs can be placed in one of two major blood 
groups. 

4. A dependable method has been developed for the demonstration of iso-ag- 
glutinations in dog blood. 

The author wishes to express her appreciation to Doctor M. H. Jacobs for his constant interest 
and helpful suggestions during the course of this study. 
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MECHANISM OF PROTEINURIA. EFFECT OF PARENTERAL 
BOVINE ALBUMIN INJECTIONS ON HEMOGLOBIN 
EXCREITON IN RATS 

RICHARD W. LIPPM/\N' 

From (he Department of Medicine, Stanford University School of Medicine 

SAN FRANCISCO, CAT.TFORNIA 

and the Institute for Medical Research, Cedars of Lebanon Hospital 
I,OS AKGEIXS, CALIFORNIA 

D uring wartime investigations into the use of substitutes for plasma, it 
was found by Addis and his associates (i) that massive proteinuria could 
be induced in rats by the intraperitoneal injection of many proteins. The 
degree of proteinuria varied with the dose of protein injected and with the specific 
protein used. Thus, the proteins of small molecular ’size, such as Bence-Jones 
protein, appeared in the urine promptly and in large quantities. On the contrary, 
rat serum, with its homologous protein, required greater dosage and produced less 
proteinuria. 

The mechanism of such induced proteinuria is of considerable interest. While 
the situation is artificial, from a clinical standpoint, an understanding of its mecha- 
nism might indicate directions for investigating the occurrence of proteinuria in 
human subjects. 

Determination of the factors involved in proteinuria raises special difficulties. 
Such methods as those requiring protein clearance determinations are complicated 
by difficulties in labelling and identifying specific proteins. The absence of a simple 
and reliable method for determining albumin, and distinguishing it from other serum 
proteins, imposes a great handicap. Proteins linked to rijm radicals are often toxic, 
so that they may not be used. Radioactive substances require tcdiniques and 
facilities that have not been available to us at this time. 

This investigation has been based on the use of hemoglobin as an indicator 
substance. A 7 to 8 per cent purified and non-toxic solution of human hemoglobin 
(2) was used. This protein is naturally tagged with an identifiable color and with 
its content of iron. 

The excretion of hemoglobin was studied after intravenous injection of various 
doses in rats, in which a heaAy proteinuria had first been induced by intraperitoneal 
injections of bovine albumin. Under the conditions chosen, protein excretion rates 
of from 1000 to 1500 mg/ 24 hrs. are attained during the experimental period. When 
it is realized that the weight of both kidneys in such a rat is little more than 1000 

Received for publication July 22, 1948. 
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excretion was much higher than in the control rats, being approximately double at 
comparable serum hemoglobin concentrations (table i). 

In the dog, Monke and Yuile (5) found a serum concentration threshold at 
about 100 mg/ 100 cc., below which hemoglobin did not appear in the urine. Our 
figure of about 75 mg/ 100 cc. in the control rats corresponds fairly well with their 
earlier finding. They estimated the ratio of hemoglobin clearance to glomerular 
filtration rate in the dog to be 0.03, while in our control animals, using data from 
other experiments on renal clearances, the ratio was estimated roughly to be 0.04. 

Control animals show a slight rise in kidney weight (6%), under the experi- 
mental conditions, over the normal weights for rats of the same size on stock diet. 
The experimental animals, however, show a 22 per cent increase in kidney weight. 
This change in weight could be due to work hypertrophy and hyperplasia, with an 


Table i. Effect of bovine albumin injections on hemoglobin excretion, at various serum 

HEMOGLOBIN CONCENTRATIONS 


SERUM HGB. 
CONG. AT 2 
MIN. 

SERUM HGB. 
CONG. AT 30 
MIN. 

CALCULATED^ 
SERUM HGB. 
iriDPOINT CONG. 

HEMOGLOBIN 

EXCRETION 

HEMOGLOBIN 

CLEARANCE 

BENZIDINE REACTION 




Control 


- 

mg/100 cc. 

mg/100 cc. 

mg/100 cc. 

mg/min/G.KWP 

cc/min/GJCWP 


83 

70 

77 

0.0073 

0.00947 

Most neg. 

193 

147 

170 

0.0480 

0.0282 


791 

496 

636 

0.409 

0.0643 


1492 

I 02 S 

I 2 S 3 

0.619 

0.0494 



Experimental 


27 

23 

2 S 



All strong, pos. 

69 

61 

6S 

0.0177 

0.0272 


186 

131 

1S8 

0.0669 

0.0424 


528 

269 

386 

0.428 

O.III 


1066 

SSI 

785 

0.840 

0. 107 


1403 

634 

970 

1. 134 

0.II7 



^ Calculated midpoint assumes that rate of fall in concentration is a log. function of time. 

« 


increase in the amount of functioning renal tissue, or it might be due to dilatation 
of the tubules with fluid and protein, resulting in a non-functional weight increase. 
Histological studies were performed- to distinguish such changes. The tubular 
lumina of the experimental group contained dense hyaline coagula, representing 
protein in high concentration. Such coagula, unlike urine, do not escape when the 
kidney is removed, decapsulated, sectioned, blotted and weighed, and this probably 
accounts for the weight increase in the kidneys of the experimental group. There 
was no significant difference in the number of intracellular hemoglobin droplets in 
the proximal convoluted tubule cells of the control and experimental groups. The 
urea excretion and urea concentrations, measured in serum and urine after three 


- Histological examinations were performed by Dr. Lelland J. Rather, Stanford Univ. School of 
Medicine. 
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injections of bovine albumin, were no greater than after three injections of sodium 
chloride solution, so that there did not appear to be any basis for expecting v/ork 
hypertrophy. Therefore, results were expressed in terms of kidney weight predicted 
for rats of the same size. However, the differences in hemoglobin excretion between 
control and experimental groups were so large that they would have appeared signifi- 
cant even though the observed kidney weights had been used. 

In view of the threshold shown by normal animals to the excretion of hemoglobin 
in the urine, it seems likely that, as Yuilc has suggested, a given percentage of the* 
hemoglobin molecules presented to the glomerular membrane pass through, and, 
until the capacity of a reabsorption mechanism is exceeded, do not appear in the 
urine. Once saturation is achieved, the excretion of hemoglobin becomes a linear 
function of the serum concentration. 

The injections of bovine albumin, by creating an experimental proteinuria, 
might be ex-pected to saturate the rcabsorption mechanism in a non-specific manner. 
If this were so, the threshold for hemoglobinuria would be lowered, as was observed. 
However, if that were all, it would then be expected that the line relating excretion 
to serum concentration in the experimental rats v/ould be parallel to and above the 
control line. Since the line based on tlie experimental observations has a much 
steeper slope tlian the control line (fig. 2), there must have been an increase in the 
amount of hemoglobin passing the glomerular membrane. 

An increase in the glomerular filtration rate might allow passage of additional 
quantities of hemoglobin, with no alteration in tlie glomerular permeability. We 
have obtained preliminary' results which seem to indicate that the difference bet^veen 
inulin clearances determined for the experimental rats and the controls are neither 
of magnitude nor of direction that would explain the difference in hemoglobm ex- 
cretion, It seems probable, therefore, that the increase in excretion must be as- 
sociated with an increase in the glomerular permeability to hemoglobin. Further 
experiments are in progress, which will attempt to isolate the functions of filtration 
and reabsorption of hemoglobin. 


• SUIBIARY 

Intraperitoneal injections of bovine albumin double the excretion of intrave" 
nously administered hemoglobin by the rat kidney, at comparable serum hemoglobin 
concentrations. Under these conditions, the serum concentration threshold at which 
hemoglobin appears in the urine is lowered from about 75 mg/ 100 cc. to less than 25 
mg/icx3 cc. It is suggested that the observed results can be explained by the satura- 
tion of a protein reabsorption mechanism and an increase in glomerular permeability 
to hemoglobin. 
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SALYRGAN AND RENAL TUBULAR SECRETION OF PARA- 
AMINOHIPPURATE IN THE DOG AND MAN^ 

ROBERT W. BERLINER, THOMAS J. KENNEDY, JR. and JAMES G. HILTON 

From the Research Service, First Division, Goldwater Memorial Hospital and the Department 
of Medicine, Columbia University, College of Physicians and Surgeons 

NEW YORK CITY 

M arked depression of the tubular secretion of diodrast and para-amino- 
hippurate (PAH) following the injection of salyrgan (mersalyl)^ in human 
subjects has been reported by Brun, Hilden, and Raaschou (i). An earlier 
observation in this laboratory had indicated that this function in the dog was not 
impaired during mercurial diuresis. The discrepancy seemed to warrant further 
investigation. 


METHODS 

Animal experiments were performed on trained, unanesthetized female dogs. 
Observations in man were obtained using patients with no evidence of renal disease. 

Inulin in patients, creatinine in dogs and PAH in both were administered by 
continuous intravenous infusion. All urine collections were made with an indwelling 
catheter and each clearance period was terminated by washing the bladder with dis- 
tilled water. Heparinized venous blood samples were obtained at the midpoint of 
each clearance period. The periods were of lo to 20 minutes duration depending on 
the urine flow. 

Creatinine was determined in tungstic acid filtrates of plasma and in diluted 
urine by a modification of the Folin method (2). Inulin was determined in zinc fil- 
trates of plasma and in diluted urine by the method of Harrison (3). Glucose was 
removed from plasma by treatment with yeast before precipitation. PAH was deter- 
mined in trichloroacetic acid filtrates of plasma and in diluted urine by the method 
of Bratton and Marshall (4). Sodium was determined in urine and plasma by in- 
ternal standard flame photometry (5) with an error of less than one per cent. Chlo- 
ride was determined by a modified Volhard titration (6). 

The secreted PAH (Tpah) was calculated as the difference between excreted and 
filtered PAH. In the calculation of the filtered PAH, 83 per cent of the plasma PAH 
was assumed to be free in the plasma water (7) . Since marked disturbances of plasma 
proteins were not present in the experimental subjects and since interest centered 
upon changes in transfer capacity (Tmpah)> rather than on its absolute value, the 
use of this empirical factor in both dog and man does not significantly influence the 

Received for publication July 22, 1948. 
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Health (U. S. P. H. S.) and the Josiah Macy, Jr. Foundation. 

- The salyrgan used in this study was supplied by the medical research department of Winthrop- 
Steams, Inc. 


537 



538 


R. W. BERLINI- R, T. J. KICNNEDY, JR., AND J. G. IIIL'J’ON Volume 154 


results. Loads presented to the tubule for secretion v/ere calculated on the assump- 
tion of a filtrate fraction of 0.20 in man and 0.30 in the dog. 

The pattern of all e.xperiments was similar. Each was initiated with a priming 
dose of PAH and inulin (or creatinine). After 20 to 40 minutes for equilibration two 
or three control urine collection periods were obtained. A dose of salyrgan, 2 ml. in 
patients, one ml. in dogs (or 4 to 6 mg. HgCk in some dog e.vpcriments) was then 
administered intravenously. An inter\’al of 30 to 45 minutes was allowed for the 
mercurial to exert its effect before the three or more post-mercurial urine collection 


Table i. ErrECx or salvrcan on T-Uvah ln the dog (each ncuRE is the average of 3 

CLEARANCE PERIODS) 


DOG 

HIirOHK SALVRCAK 

i 

Arrr.E salyecas 

AVXRACD 
RATIO, IOAD/t 

”^rAn 

Sodium 

MCrction 


'^L’AIt 

Sodium 

eicrelion 


mg/min. 

ttoifmin. 

ms/min. 

Cc 

tieqfmin. 


B 

30.1 

93 

32.1 

+6.7 

41s 

1.8 

E 

12.8 

162 

1 12-S 

-2.3 

S22 

s-s 

P 

17.4 

136 

27-5 

■Vo. 6 

S63 

2.0 

M 

12.4 

260 

1 

10.7 

- 13-7 

1652* 

5.0 


* Within 30 min. of the injection of B.'\L (3 mg/kilo) tlie sodium e.xcrction and urine flow 
were reduced below control levels without change in the Tmpaii. 


Table 2. Effect of salyrgan on Tmpam in sjan (each ncuRE is the average of 

2 TO 3 CLEARANCE PERIODS) 


PATIENT 

DtrORK SALYRGAK 

AFTER SALYROAK 

‘f'pAU 

Ix>ad/T 

Chloride 

excretion 

Sodium 

excretion 

T 

■‘rAiT 

Load/T 


Chloride 

excretion 

Sodium 

excretion 


milmin. 


fteqlmin. 

licq/min. 



per cent 

ficq/min. 

firq/min. 

n 

106 

I.O 

149 

692 

34-5 

S-O 

-O7 

382 

867 

L 

67-5 

I.O 

12 

286 

16.4 

6.2 

-76 

258 

368 

M 

7 I-S 

1.6 

204 

617 

13-7 

II. 0 

-81 

297 

532 

P 

71.0 

1.9 

233 

663 

I 7 -S 

13-0 

-75 

475 

890 

T 

113 

1-5 

47 

409 

19.7 

18.0 

-83 

1415 

1292 


periods were obtained. In some experiments a dose of 2,3 dimercaptopropanol 
(BAL) was then administered intramuscularly and several additional urines collected. 

RESULTS 

The effect of salyrgan on Tmpau was obser\’-ed in four ex-periments on 4 dogs. 
The results are summarized in table i. In no instance was there any significant 
change in the Tmpah, despite the striking increase in sodium excretion and the usual 
diuresis. 

A sharp difference is apparent in man. The results of experiments in 5 normal 
subjects are presented in table 2. In each experiment there ^vas a marked depression 
of the secretion of PAH, ranging from 67 to 83 per cent. In several experiments 
{subjects H and L) the load presented to the tubules for secretion in the presalyrgan 
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periods was probably too small to insure saturation of the mechanism. The Tai in 
these patients was probably higher than that obsen’^ed and the depression of the 
secretory capacity greater than indicated by the figures obtained. 

The protocol of the experiment on patient T is presented in detail in table 3. 
The injection of salyrgan depressed the Tmpah by about 80 per cent. Following the 
administration of 5 mg/kilo of BAL, the effect of the diuretic on electrolyte excretion 


Table 3. Protocol of experiment on patient t showing effect of salyrgan and 

OF BAL ON tubular SECRETION OF PAH 


TIME 

j URINE PLOW 

INULIN 

CLEARANCE 

SODIUM 

EXCRETION 

CHLORIDE 

EXCRETION 

PLASMA PAH 

TpAH 

Win. 

ml /min. 

ml/tnin. 

1 

1 ficq/min. 

iieg/min. 

mg. % 


0 

Complete injection of priming inulin 3.75 gm., PAH 6 gm. 


I 

[Start infusion of inulin 0.9%, PAH 3.2% in normal saline at 5 ml/min. 


25-46 

2.8s 

147 

424 

61 

27.7 1 

109 

46-69 

2.86 ] 

151 

420 

50 

24.8 

120 

69-92 

2.42* 

132 

382 

31 

24.0 

no 

93 

Saljrgan 2 ml. i.v. 





139-ISS 

4.16 

124 

561 

524 

50-7 

10.6 

155-164 

12.32 

146 

1755 

1940 1 

56.1 

22.0 

166 

B/\L 5 mg./kilo i.m. 





164-176 

10.88 j 

IIS 

1560 

1780 

60.3 

25-9 

176-195 

3-46 i 

136 

576 

40 

54-5 

107 

I9S-2I5 

2.78* 

112 

461 

31 

SO.i 

98 


‘ Values of all excretion rates in these periods are probably low because of incomplete urine 
collection. The increases required to bring tlie inulin e.xcretion up to the av. of the remaining periods 
arc 14 and 12% respectively. 


Table 4. Effect of HgCh on Tmpah in the dog 


DOC 

Br.roRE HgCIi 

AFTER HgCh 



AFTER BAL 

AVERAGE 

RATIO, 

load/t 

T 

■^^PAH 

Sodium 

excretion 

Tp.vn 


Sodium 

excretion 

L’An 

Sodium 

excretion 


mg! min. 

fieq/min. 

mgfmin. 

% 

ficq/min. 

mg /min. 

ficq/min. 


B 

13-0 

157 

14.7 

+ 13.1 

384 

12.8 

294 

6 

E 

17.4 


18.3 

+ 5-2 

403 

18.0 

186 

2 

L 

11 . 5 


II. 9 

+ 3-5 

733 

13-5 

483 

II 

M 

10.9 

31 

9-3 

-14.7 

491 

9.6 

244 

6 


was very rapidly dissipated and the Tmp,vh 'vas restored almost to the control value. 
In two other experiments, smaller doses (up to 2.5 mg/kilo) of BAL did not have any 
definite effect on either electrolyte excretion or Tmpah* It should be noted that the 
control sodium excretion in these e.xperiments is high because of the cation required 
to cover the PAH. The effect of sah^gan is to reduce the PAH excretion sharply 
and, with this, to reduce the cation excretion necessitated by the excretion of PAH. 
For this reason, tlie changes in chloride excretion are more striking than those in 
sodium and the chloride has been included in the summarj^ table 2 as an indication 
of the diuretic effect of the salyrgan. 
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It secraod important to determine v/hctlier the dilTerence between man and dog, 
in the response of tlic Tmj.ah to salyrgan, was attributable to differences in the sus- 
ceptibility of the transfer mechanism to inhibition by mcrcurj^ or to differences in 
the handling of the organic salyrgan molecule. Experiments were therefore per- 
formed on 4 dogs in which small doses of mercuric chloride were injected intrave- 
nously. These doses were sufficient to produce diuresis without, presumably, in- 
ducing severe renal damage and were of the same order of magnitude as those used 
in man by Sollman, Schreiber, and Cole (8) in a study of the diuretic effect of a number 
of mercur)’’ compounds. The effects on sodium excretion and on the T.Mpah ‘'irc Pre- 
sented in table 4. The diuretic effect of HgCb, although definite, was less striking 
in these e.vperiments than that of salyrgan. -As in the sahagan e.xperiments, there 
was no appreciable depression of the T.Mpah- Injection of a single dose of approxi- 
mately 5 mg/kilo of B.AL depressed the excretion of sodium and chloride towards 
the control values. The interruption of the diuresis was not, however, as dramatic 
as when the diuresis had been induced with salyrgan. 

The difference between control Tm values observed in 2 of the dogs, B and E, 
which are the same in tables i and 4, Avarrants comment. The control values of 
Tmpah in dog B indicate a fall of 57 per cent between the first and second e.xperiments, 
an interval of two months. On the other hand, the 'Pi.Ipah in dog E rose 36 per cent 
in the five-month interval between the two c-xperiments. No ready e-xplanation for 
these changes is apparent. Stability from month to month of the transfer capacity 
for PAH in the dog has, however, never been established. 

DISCUSSION 

The fact that the renal tubular capacity to transfer PAH in man is markedly 
depressed by salyrgan while in the dog it is unaffected indicates a fundamental 
difference in the transfer mechanism. It had long been postulated that the action 
of the organic mercurial diuretics is due to tlie liberation of small amounts of mercury 
ion from the organic complex (8). This is supported by the effect of BAL in com- 
pletely reversing the effects of the organic mercurials on both electrolyte reabsorp- 
tion and PAH secretion. Failure to depress the Tmpah Id the dog does not seem 
attributable to a difference in the handling of the salyrgan itself. In the dog, the 
effect of salyrgan on electrolyte reabsorption does not differ from that observed in 
man. Its reversal by BAL is rapid and complete (9). Furthermore, the diuretic' 
effect can be produced by the injection of ionic mercury without affecting the transfer 
of PAH. 

One point of difference between dog and man in the transfer mechanism for 
PAH has previously been noted, i.e. the same mechanism appears to be involved in 
the secretion of creatinine in man (10), whereas no secretion of creatinine occurs in 
the dog. This may not be germane to the difference in response to mercury since 
salyrgan has been reported to depress the diodrast Tm of the rat (11), a species in 
which creatinine secretion does not occur (12). 

The data reported re-emphasize the need for caution in applying information 
concerning tubular transport mechanisms in one species to another. 
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SUmiARY 

The Tmpah of man is markedly depressed by salyrgan. This depression, as well 
as that of electrolyte reabsorption, is reversed by BAL. Salyrgan and small doses of 
HgClo do not depress the Tmpah in the dog, indicating a significant difference in the 
tubular mechanism for transferring PAH. 
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RENAL GLUTAi\IINASE> 

E. MYI.ON AND J. H. HELLER* 

From Ihc Laboratory of Palholoj>y, Yale University School of Medicine 

NEW irAVEN, CONNT-CTICUT 

T he presence of significant amounts of glutamine in various animal tissues 
has been established (i, 2). Studies in recent years with labelled ammonia- 
nitrogen (3) have shown that glutamine accepts as well as contributes am- 
monia, providing an important means for the detoxification, storage and transporta- 
tion of this base. It has also been learned that the introduction of ammonia into 
glutamic acid as well as the reverse process, tlic hydrolytic liberation of ammonia 
from glutamine, is catalyzed by the enz3TOC glutaminasc (4). The hydrol^dic action 
of glutaminasc is dominant in the kidne}*^ while in other tissues the sjmthetic action 
of the enzj'me seems to prevail (4, 5). It is not known whether this difference is 
based on different t^'pes of gluUiminase or whether a shift in the equilibrium of tlie 
enzymatic reaction is caused by special activators or inhibitors operating in different 
tissues. The formation of urinary ammonia and its manifold increase in acidosis has 
been explained by glutamine hydrotysis (6). The suggestion that the stimulus for 
increased ammonia formation in acidosis miglit be related to the lowering of tlie pa 
of the plasma or the decline of its bicarbonate concentration (7) should be enlarged to 
include formation or mobilization of specific activators for renal glutaminasc. The 
question arises whether under pathological conditions the equilibrium of glutaminasc 
action in other tissues might change in the direction of hydrolysis. Were this to 
occur, the ammonia formed might well prove toxic at its site of formation. Studies 
were initiated to explore this possibility and also the presence of activators and in- 
hibitors of hj'^drolysis or synthesis of glutamine. The report that follows is concerned 
with studies on kidney glutaminasc and especially with the activation of the enzyme 
by phosphate ions and beta-hydroxybutyric acid. 

liLATERIALS AND METHODS 

Freshly prepared tissue slices were used as enzyme preparation of glutaminasc. 
Immediately following extirpation of a dog or cat kidney, the organ was speedily 
frozen by aid of solid CO2 and kept in a deep freezer until used. For each deter- 
mination the frozen kidney was placed on a small block of solid CO2, very thin slices 
were shaved from the cortex with a razor blade, rapidly weighed and placed in a test 
tube containing 3 cc. of buffer and either 2 cc. of saline (blank) or 2 cc. of freshly pre- 
pared glutamine solution, containing i mg. of glutamine per cc.^ 

Received for publication July 7, 1948. 
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After incubating the tubes in a water bath at 37.S°C. for varying lengths of time 
glutaminase action was stopped by lowering the pn to 5.0 through the addition of i 
cc. of I N sulfuric acid. 

After deproteinization by addition of i cc. of 10 per cent sodium tungstate solu- 
tion and I cc. of f N sulfuric acid, the tubes were centrifuged and an aliquot of the 
protein-free supernatant, made up to 5 cc. with distilled water, was placed in an 
Evelyn colorimeter. Five cc. of Nessler’s solution prepared according to Folin-Wu 
were added and the content of the tubes mixed. The tubes then were read as soon as 
possible with a 440 mp. filter. 

The rapid development of turbidity in many tubes, particularly in the glutamine- 
free blanks, was a vexing problem, necessitating both the use of diluted aliquots and 
rapid reading. To test the accuracy of the values, direct Nesslerization was checked 
by both the permutit and the aeration method. In both these procedures, .the initial 
steps for the determination of ammonia were identical including the precipitation of 
the proteins and centrifugation mentioned above. Then i gram of permutit was 
added to an ahquot of the supernatant, the tube shaken for 30 seconds and the per- 
mutit centrifuged off. The ammonia was eluted from the permutit with 10 cc. of 
N HCl solution in 3 per cent NaCl, and after the permutit was centrifuged off, an 
aliquot of the supernatant was used for Nesslerization. For the aeration method a 
shghtly modified Van Slyke urea apparatus (9) was used. Phosphate buffers were 
made up of Na2HP04 and KH2PO4 to the various pR^s and molarities mentioned 
below. Veronal buffers were made up to m/20 and the was adjusted with n/io 
HCl or n/io NaOH. 

To contrast tissue slice with organ extract preparations, kidney cortex was 
ground with sea sand or homogenized with a Ten Broeck (10) apparatus. One cc. 
of the homogenate, corresponding to 800 mg. of kidney cortex was diluted as indicated 
below. The liberated ammonia in these experiments was determined both by direct 
N esslerization and with the aeration method. Pyruvic acid used in these experiments 
was obtained from the Eastman Kodak Company, Rochester, New York, and beta- 
hydroxybutyric acid, from the Paragon Testing Laboratories, Orange, New Jersey^. 

RESULTS 

Ammonia Formation in Tissue Slices in the Absence of Added Glutamine. Early 
in the course of these studies it was observed that ammonia formation in tissue slices 
prepared as described above is rather small. This is a favorable contrast to the dis- 
turbing ammonia production in extracts and homogenates that require special pre- 
cautions, including prolonged dialysis at o°C. as well as addition of potassium cyanide 
(5). As will be shown later glutaminase activity is so much greater in tissue slices 
than in homogenates or extracts that a few minutes of incubation suflSce. This helps 
s till further to reduce ammonia formation in controls. 

pB Optimum of Glutaminase. pH series were prepared with m/20 veronal buffer. 
The maximal glutaminase activity in three sets of experiments was found to be at or 


* Kindly supplied by Dr. A. E. Wilhelmi. 
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near pu 7.8. Figure i is representative of the three experiments and indicates the 
dependency of glulaminase activity on hydrogen ion concentration (4). 

Control experiments were carried out in which veronal was replaced by different 
amounts of n/ 100 NaOFT, Since the pn despite the lack of any buffer solution did not 
change more than 0,2, direct comparison with the buffered solution was possible. It 
was found that the glutaminase activity was uninfluenced by the addition of m/20 
veronal. 

Enzyme Amonnl. The influence on glutamine hydrolysis of different enzyme 
amounts was studied in 14 series of experiments. The weights of the tissue slices 
served in lieu of volume amounts. Results were rather uniform and are represented 
by the following example: Liberation of NHn-X from 2 mg. of glutamine on 10 minute 


NH3-N 

xig 



NHj-N 

jxg 



Fig. I {upper), pn curve of renal glutaminase in veronal 

BUFFER. 

Fig. 2 {lower ) . pn curve of renal glutaminase in phosphate 

BUFFER. 

incubation with tissue slices of 400, 150, and 80 mg. wet weight was found to be 163, 
92, and 43 ng. respectively, corresponding to an hydrolysis of 85, 48, and 22 per cent. 
Tissue slices of approximately 80 mg, wet weight were found to be convenient for 
these experiments and henceforth were used. 

Enzyme Aclivity in Tissue Slices as Compared to Enzyme Aclivily in Extracts. 
The relatively low glutaminase activity of renal extracts or homogenates observed 
early in these studies was one of the reasons of utilizing tissue slices. Many e.x- 
periments were carried out to compare quantitatively the activity of slices with 
extracts and homogenates. One example follows: homogenates containing 800, 400, 
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and 8o mg. of cortex, liberated on lo-minute incubation 122.3, 60.8, and i3.2jug. of 
NH3-N from 2 mg. of glutamine while a cortex slice of 80 mg. liberated under identical 
conditions of substrate, temperature, pH and time 63.2 pg. of NH3-N. It can be seen 
that weight per weight the activity of glutaminase in tissue slices is more than five 
times as great as that of tissue homogenates. 

Subsirale Amoimt and Incubation Time. The amounts of glutamine as well as 
the incubation times were varied in three sets of experiments. Table i is representa- 
tive of one of these. 

It should be mentioned that each set of experiments was carried out on slices of 
one individual kidney cortex. This precaution was taken after it had been observed 
that the glutaminase activity of kidney cortices of different dogs may vary consid- 
erably. 

Activators of Glutaminase: A. Phosphate. Replacement of veronal buffers 
with phosphate buffers left the pH optimum unchanged, i.e. near 7,8. Figure 2 
represents the result of a typical experiment. 

Another fact became evident in these experiments. Comparison between the 
curves obtained with veronal and with phosphate buffer confirmed previously re- 
ported activation of glutaminase by phosphate anions (11-13). However, the full 


Table i. Inpluence of the substrate concentration and of the incubation time on 

THE ACTION OF RENAL GLUTAiHNASE 


NHi-N 

HVOEO- 

LYZED 

men- By 

OtUTA- BATION CLUTAlt- 
MtNE TIME INASE 

TOg. min. ng. 

0.4 3 I 

2.0 5 

6.0 25 


GLtTTA- 

UINE 

mcn- 

BATION 

TIME 

NHj-N 

HVBRO- 

LVZED 

BY 

GIUTAM- 

INASE 

mg. 

min. 

MS- 

0.4 

6 

6 

2.0 


12 

6.0 


40 


CLxrrA- 

MINE 

INCU- 

BATION 

TnrE 

NHi-N 

HYDKO- 

LYZED 

BY 

CLUTAM- 

INASE 

mg. 

mm. 

MS. 

0,4 

ip 

7 

2.0 


34-5 

6.0 


59 


degree of this activation seems to be recognizable only by the use of the tissue shoe 
method. The following example is representative for 6 different experiments carried 
out identically: liberation of NH3-N from 2 mg. of glutamine without buffer (^H 7.8), 

8.0 pg., with veronal buffer (pH 7.8) 8.5 pg. and with phosphate buffer 


64.0 pg. 

optimum Concentration of Phosphate for Activation of Glutaminase. Table 2 
shows the influence of variation of phosphate concentration on the glutaminase 
activity. 

As can be seen the optimal final concentration of phosphate was found to be 
between 1/4 and 1/6 molar. However even 1/30 m olar final concentration activates 
glutaminase greatly. 

B. Pyruvate. A second acid has been tested in several tissue slice e.xperiments. 
In accordance with previous observations (11-13), activation of glutaminase with 
pyruvate was marked. Nevertheless the action of pyruvate was significantly less 
than that of phosphate. When these two activators were combined they did not 
exhibit a cumulative effect; on the contrary, in several experiments of tliis kind the 
activation of this combination was slightly less than that of the phosphate alone. 
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C. Br/rA-iiYDKOXYHUTYRic ACID. In the search for otlier activators of renal 
glutaminasc, attention was directed to the circumstances existing in diabetic acidosis. 
On the basis of the observation that glutamine is the chief precursor of urinary am- 
monia (6) the large increase of the latter substance in acidosis may be referred to an 
increased glutamine hydrolysis. It seemed, therefore, of interest to study the influ- 
ence of bela-hydroxybutyric acid on the activity of renal glutaminase. In a series 
of 70 experiments carried out in the course of these studies it was found that beUi- 


Table 2. Influence of inorganic piio.srirATB on the Acrmry of renal glutaminase 


iiotAsm' or pjiosrnATf; RtUTKR' 

KHi-N unzasrr.D 

Kirzcnr or sucr-s 



r~-S- 

I 

85.1 

80 

1/2 

97.9 


1/3 

97-4 


1/5 

76.6 


i/iS 

77.3 


0 

H 

I 3 -S 


i/ioo 

10.7 



* 3 cc. used in 5 cc. toLil volume, pH 7.8. 


Table 3. Activity of glutaminase in veronal buffer, in niospiiATE buffer and 

IN PHOSPHATE BUFFER PLUS BETA-HYDROXYBUTYRIC ACTD 


EXP, KO. 

1 NO BUFFER 

Pn 7.8 

\tbonal m/20 

PIlOSniATE 

rnOSTOATT. + I 
loioL. p-nyoRoxY- 
nurvRic ACID 


NIU-Nm. 


A7/,-A>s. 

A-I7,-A-pff. 


I 

8.5 


S.o 1 

64 

141. 1 


Table 4. Activation of renal glutaminase by beta-hydroxybutyric acid 


EXP. NO. 

rnOSPIlATE BUFFER 

niospnATi: DurrETi + 1 iruoL. 
^-HYDRO.VYDUTYRIC ACID 


NUt-N fit. 

Nm-N fig. 

2 

50.0 

90 

3 

18.3 

62.4 

4 

38.1 

109.3 


hydroxybutyric acid activates glutaminase in veronal bufifer to about the same extent 
as pyruvate, while in phosphate buffer it activates the enzyme to an exceedingly high 
degree. 

Tables 3 and 4 contain the results of four representative experiments. 

A fifth experiment indicating the great differences in renal glutaminase activity 
in veronal buffer, phosphate buffer and phosphate buffer plus beta-hydroxybutyric 
acid is illustrated in figure 3. 

Influence of the Amount of Beta-hydroxybutyric Acid. In the six series of experi- 
ments increase of beta-hydroxybutyric acid from 0.5 to i.o millimole was associated 
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with a progressive increase in the enzyme activation. In one representative experi- 
ment liberation of NHs-N on addition of 0.5 millimole, i.o millimole, and 2.0 milli- 
mole of beta-hydroxybut3Tic acid was found to be 66.1, 76.4, and 97.9 /xg- Higher 
concentrations have not as yet been tested. 

D. Lactic and acetic acid. \^rhen beta-hydroxybutyric acid in veronal buffer 
was replaced by the same concentration of either lactic or acetic acid only insignificant 
activation of glutaminase was observed. When, however, these acids were used in 
combination with phosphate buffer there was a marked inhibition of the activating 
action of phosphate. Table 5 contains the results of a representative experiment of 
the series of 12. 


Fig. 3. Renal glutaminase activity in 

veronal buffer in phosphate buffer ( 

and in phosphate buffer plus 2 millimole of beta- 
hydroxybutyric acid ( ). 


NHs-N 

“9 



Table 5 . Activating and inhibiting influences on renal glutaminase 


VEEONAL il/20 

PHOSPHATE 11/3 

PHOSPHATE + jS-HY- j 
DROXYBUTYRIC ACW 
(l UUOL.) 

11/3 PHOSPHATE -f- 
MCnC ACn> (l MMOL.) 

11/3 PHOSPHATE + 
ACETIC ACH) (l MMOL.) 

NEi-Nur. 

Nm-N n . 

NHl-N^g. 



10.0 

! 

42 

96 

24 

33 


DISCUSSION 

The application of the tissue slice method for the determination of renal glutami- 
nase proved to be advantageous. The enzymatic activity in slices prepared from 
renal cortex was significantly greater than that in extracts or homogenates of the 
same organ. The high activity of the enzyme permitted reduction of the incubation 
time to a few minutes. During this short incubation production of ammonia in the 
glutamine free solution (blank) was very small. The activating influence of inorganic 
phosphate and pyruvate, previously reported for extracts (ii, 12) was also demon- 
strated in slices of kidney cortex. The observation that beta-hydroxybutyric acid 
in combination with inorganic phosphate is the strongest activator for renal glutami- 
nase as yet observed is remarkable in the light of the conditions prevailing both in 
diabetic acidosis and in hyperglycemia. Increased production of betahydroxy- 
butyric acid in diabetes is known to be associated with an increased formation of 















548 


E. MYLON AND J. H. HELLER 


Volume TS4 


urinary ammonia, and alimcnUiry hyperglycemia has been recently reported to be 
followed by an elevated phosphatase action in renal tubules, i.e. increased libera- 
tion of inorganic phosphates (14, 15). Whether the in vitro results on phosphate and 
beta-hydroxybutyric acid suffice to explain the mechanism of increased urinary 
ammonia formation requires further investigation. 

SUMMARY 

The activity of renal glutaminase in tissue slices prepared from frozen kidney 
cortex is significantly greater than that in extracts or homogenates of the same organ. 
The stimulation of the enzymatic activity in tissue slices by pyruvate and phosphate 
is marked. 

The greatest stimulation of renal glutaminase was obtained by a combination of 
phosphate and beta-hydro.\ybutyric acid. Possible relationship of this combination 
to the increased formation of urinary' ammonia in diabetic acidosis is suggested. 
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CORRIGENDA 


Volume 151, page 30, lines 4 and 6. The dissociation constant should read 2 X 10"* instead of 
2 X IO~^ 

Volume 152, page 340. Under table 2, top, right-hand column, “coronarj’, mean drern”, the first 
entr>' should read: 13,0 rt .54 instead of 13.0 dt 3.4. 

Volume 134, page 37. Insert the following paragraph before Summary and Conclusion’s; 

Finally, in connection with a discussion of T-1S24 clearance, it is interesting and inform- 
ative to note the tabulated data of electrophoretic studies on T-1824 and protein in urine of 
human nephrosis (17). /Vlthough it is not stated how dye was measured in nephrotic urine, 
the T-1824 clearance was 0.37 ml. per minute per square meter of body surface, the albumin 
clearance was 0.39 while total jirotcin clearance was 0.09. The globulin clearance of 0.03 was 
very small indeed. Luctscher (17) preferred in 1944 to compare dycwitli total protein clear- 
ance, but since the clearances for T-1824 and serum albumin were nearly equal and consid- 
erably greater than that of globulin it is probable that the dye was c.vcrcted in the form of 
dye albumin. In nephrosis, then, the kidney behaves as though injected dye combined se- 
lectively with scrum albumin leaving vanishingly small amounts of free dye in the blood. On 
the basis of body surface area a human nephrotic can have a dye clearance 100 times greater 
than that of a normal dog. This again suggests that dye clearance when analyzed by a sen- 
sitive method is a measure of normally occurring albumin clearance. 
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ELECTROPHRENIC RESPIRATION^ 

STANLEY J. SARNOFF, ESTHER HARDENBERGH and 
JAMES L. YTIITTENBERGER 

From the Department oj Physiology, Harvard School of Public Health 


BOSTON, MASSACHUSETTS 

P RESENT methods of artificial respiration, with the exception of the body- 
enclosing respirators (i, 2), introduce unphysiologic factors which, under 
various circumstances and for various reasons, are undesirable. Beecher, 
Bennett and Bassett (3) have recently examined the adverse effects of elevated 
intratracheal pressure on the circulation in 'shock' states. A detailed critique of 
the various methods of artificial respiration will not be presented here. Suffice it to 
say that, if the diaphragm could be made to contract and relax in a controllable 
manner, a method of artificial respiration more nearly simulating natural breathing 
would be available. Such a method would obviate the necessity for the expense and 
bulk of the body respirator. 

It has long been known that the response of a muscle to the stimulation of its 
nerve is in direct proportion to the intensity of the applied stimulus (4, 5). Theoret- 
ically, therefore, a continuously varying, undulating stimulus applied to a nerve 
. should result in a continuously varying, undulating contraction of the innervated 
muscle. Since an electrical stimulus applied to a nerve can be readily varied in 
contour and rate, the production of artificial respiration by appropriate stimulation 
of the phrenic nerve seemed a logical possibility. This report describes the applica- 
tion of such a technique to the production of artificial respiration in several species 
of laboratory animals. 


METHOD 

The experiments were performed on the cat, dog, monkey and rabbit. The anesthesia used 
is indicated in table i. Barbiturates were, for the most part, not used because of the difficulty of 
avoiding some degree of respiratory depression. In one experiment {no. if) nembutal was used for 
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anesthesia and respiratory depression was minimized by the use of small doses. Nembutal was 
used in large doses in the one experiment {no. i 8 ) in which it was desired to produce respiratory 
depression due to barbiturate poisoning. 

Blood .samples were collected under oil or over mcrairy and analyzed immediately for 0 - and 
CO: tensions according to the method of Riley (6). Determinations were done in duplicate. Minute 
volumes were obtained by collecting expired air in a spirometer. 

An electrode (or, in some cases, two electrodes) was {jrought into contact w'th the main 
trunk of the phrenic nerve low in the neck posterior to the subclavian vein, at which point the phrenic 
filaments from the various levels of the cervical outflow join together or lie in close proximity (fig, i). 
After incision of the skin, a cleavage plane was developed between the external jugular vein and the 
sternocleidomastoid muscle; the latter was retracted medially c.xposing the uppermost filament of 
the phrenic nerve in its position on the posterior ccn’ical fasda. This filament lies lateral to and 
parallel to the carotid sheath; it was followed downward and the point found at which the phrenic 
filaments converged. Each filament was tested electrically to be sure of its function. Proper elec- 
trode implantation was most c.asi!y accomplished in the dog, next most easily in the cat. It was 
diflicuit to accomplish proper electrode application in the monkey because of the very short neck, high 
clavicle and diffuse outflow that makes up the phrenic bundle. The latter forms a single trunk quite 
low in the neck, an arrangement very difTcrent from that found in man. Rabbits were used in the 
preliminarj" c.xperiments and although it is feasible to produce clectrophrcnic respiration in that 
species, the delicac>' of the nerve, the low blood volume and the difficulty of doing repeated arterial 
punctures make it unsuitable for experiments involving blood gas analysis. The difficulty of abolish- 
ing respiration is likewise greater in the r.ibbit. 

Several different ways of making and implanting tlie electrode were tried. The following is the 
best method developed thus far. Four no. 34, pure silver strands were wound spirally until they 
formed a fine, multiple-strand wire; tliis was cut into 12-inch lengths, each to serve as both electrode 
and lead wire. Each unit was covered snugly with polyethylene tubing (free of plasticizer) with an 
inside diameter of 0.34 inch and an outside diameter of 0.48 inch. Three quarters of an inch of the 
wire at each end was left bare, one end to sciwe as the stimulating electrode, the other to be con- 
nected to the source of current. A flat piece of pure polyethylene sheeting (free of plasticizer), 2 
inches by -J- inch by 0.0015 inch, was placed under the phrenic trunk (fig. i). One bared end of the 
silver wire was placed around the nerve and twisted on itself so that the phrenic nerve could notescape 
contact with the electrode in some portion of its perimeter. A silk suture was used to secure the 
distal to the proximal limb of lire loop. An additional silk suture then secured the insulating sheeting 
to the electrode and to itself. In this way the phrenic nerve could not escape contact with tlie elec- 
trode but was not compressed by it and the latter could not deliver an impulse to any other structure. 
The other end of the silver wire was threaded onto a surgical needle and led out through the skin at 
some distance from the original wound. The wound was then closed. In order to complete the 
circuit, an indifferent electrode in the form of a hj^podermic needle or ECG plate was applied at some 
convenient distant point on the body. 

This arrangement was found to be most satisfactory for several reasons: 

1) The loop lies loosely abou t the nerve and does not compress it although it is always in contact 
with it. 

2) Having a single electrode in contact with the nerve avoids the occurrence of the possible 
ischemia in that segment of nerve which would otherwise lie between two electrodes. 

3) The fine lead wire can be threaded onto a surgical needle and made to emerge from the neck 
at a considerable distance from the incision so that the latter can be closed. Using only one electrode 
instead of two diminishes whatever undesirable effects may attend the purposeful implantation of 
a foreign body. 

4) If both phrenic nerves are stimulated, the electrode on one nerve serves as the indifferent 
electrode for the opposite side and vice versa so that the externally applied electrode can be dispensed 
with; indeed, two electrodes on each neiv^e would be superfluous under those conditions. 

5) Polyethylene is a good insulator for both the silver wire and nerve because of its demon- 
strated inertness in contact with nervous tissue (7). 

The current used for nerve stimulation was delivered by a Grass Stimulator, although a much 
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simpler and less expensive device could be used, now that tlie limits of frequencj’-, duration and 
voltage are established. Individual stimuli having a duration of 2 milliseconds and delivered at a 
frequency of 40 per second were found suitable for phrenic nerve stimulation. The current was fed 
through a rotating potentiometer which delivered a voltage that varied regularly between o and 
about 3 volts. Such a method of stimulation makes the diaphragm perform a reasonable imitation 
of its normal respiratory motion. The rate at which the lever arrangement actuates the rotating 
potentiometer can be varied from o to 60 per minute either by means of a friction clutch or a variable 
speed motor control so that the respiratory rate can be similarly varied. The rate and shape of the 
rotating potentiometer motion can be varied by adjustments of lever length and height. The 
mechanism is simple and reliable. 

The abolition of spontaneous respiratory activity was accomplished in one of three ways: 

1) The atlanto-occipital membrane was opened and a no. 18-needle inserted through the tela 
choroidea into the fourth ventricle. A segment of fine polyethylene tubing was fed through the needle 
while the latter was wthdrawn leaving the tubing in place. Injections of i to 2 cc. of i per cent 
procaine hydrochloride caused complete cessation of spontaneous respiratory effort in from one to two 
minutes, an effect which lasted for variable periods of time after which additional injections could be 
conveniently made through the previously placed tubing. The method ■will be described in detail 
in a separate communication (8). 

2) Electrophrenic respiration, set at a rate and minute volume similar to but slightly in excess 
of the animal’s own rate and minute volume, caused the animal to cease spontaneous respiratory 
activity. This sometimes occurred after only the first or second electrically induced diaphragmatic 
contraction. The explanation of this phenomenon is not entirely clear, but it could be produced in 
all but a few instances. Simple observation of the animal as well as pneumograms taken during 
the transition period made clear the absence of spontaneous respiratory effort when the animal was 
put on electrophrenic respiration (15). The mechanism of this central respiratorj’- inhibition will 
be reported separately (16). 

3) Large doses of nembutal intravenously were used in one experiment («o. 18) for respiratory 
depression in order to simulate barbiturate poisoning. Nembutal was also used in one prolonged 
experiment but is not well suited to that purpose. 

Pneumotachograms (air flow velocity' patterns) were taken ■^^'ith the instrument devised by 
Silverman (9) and Silverman and Whittenberger (10). 

The experiments were designed to yield data on four points, i) To ascertain 
whether normal minute volumes and blood gas tensions could be achieved with sub- 
maximal stimulation of one phrenic nerve. 2) To test the reserve of the method by 
measuring minute volumes and blood gas tensions during maximal stimulation of 
one and both phrenic nerves. 3) To clarify the relationship between peak voltage 
applied to the phrenic nerve and the corresponding minute volumes. 4) To ascer- 
tain whether the method could maintain respiration during prolonged acute experi- 
ments. 


RESULTS 

1. Respiratory Mimite Vohmes and Blood Gas Partial Pressures Under Spon- 
taneous and Electrophrenic Respiration. The values of respiratory minute volume 
and arterial oxygen and carbon dioxide tensions during spontaneous breathing and 
during stimulation of one or both phrenic nerves are compared in table i. It is 
apparent from these data that adequate ventilation can be readily accomplished in 
the absence of spontaneous respiration by submaximal stimulation of one phrenic 
nerve. 

2. Maximal Ventilation with One or Both Phrenic Nerves. Experiment 13 in 
table I compares the spontaneous minute volumes and arterial tensions of oxygen 
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and carbon dioxide with those values obtained during maximal stimulation of one 
phrenic nerve, after spontaneous respiration had been abolished. Experiments j6 
and i8 demonstrate the several-fold increase in ventilation that can be accomplished 
with bilateral stimulation and the resulting rise in o.xygen pressure and fall in carbon 
dioxide pressure in the arterial blood. 

3. EJfcct of Varying Applied Peak Voltage on the Depth of Inspiration and Minute 
Volume. Figure 2 demonstrates the relationship between the intensity of peak 
voltage and the corresponding minute volume that resulted from the stimulation of a 


Table i. Coupaeison- of jukute volumes axm) PARtrAL rRnssuRi;s or oxygen* and carbon 
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* Alinute volume regulated by adjusting peak voltage. - Both phrenic nerves stimulated. 
® Single determination. 


single plirenic nerve in a cat. Depth of respiration (voltage) alone was varied. 
The respiratory rate was kept constant throughout. Experiment 13 in table i 
shows that the arterial oxygen and CO2 tensions can likewise be regulated by the 
appropriate adjustment of peak voltage and thus of the minute volume. 

Pnenmolacliograms {tracheal air flow recordings). Figure 3, A through H, 
demonstrates the effect of increasing the intensity of peak voltage upon the air flow 
pattern in a cat. A is the animal’s spontaneous respirator^’- pattern. B is the air 
flow pattern with a peak voltage of 1.84 volts. C, D, E, F, G and H show the effect 
of increasing peak voltage. The three factors worthy of note which occur when peak 
voltage is increased are i) the increase in the depth of inspiration and air exchange, 
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Jugi;lar vein, 



Fig. I. Technique of electrode application. A , position of bared silver wire loop surround- 
ing phrenic trunk in dog. A silk suture firmly secures end of wire to other limb of loop. B, thin 
polyethylene sheeting is then placed under the nerve and folded back to enclose electrodes. A silk 
suture is introduced in such a way as to secure insulating sheeting firmly to electrode and to itself. 
C, jihrenic nerve cannot escape contact with siK^er-wire electrode but is not compressed by it; elec- 
trode cannot stimulate any structure other than the phrenic nerve. D, end result. Lead wire 
emerging from puncture wound; incision is closed. 



Fig. 2. Right phrenic nerve stimu- 
lation in cat in absence of spontaneous 
respiration (intraventricular procaine). 
Relationship between peak voltage applied 
to nerv’e and the corresponding minute 
volume is demonstrated. Crossing horizontal 
line indicates average minute volume value 
for spontaneous respiration in same animal. 
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2) the increase in the ratio of insj)iration to the total resj)iratory cycle and 3) the 
increase in the sharpness of inspiratory effort at the higher voltages. 

Pncimoladwgram of electro phrenic respiration by ‘remote' control. Tigure 3 / 
is a tracing from the same animal during eicctrophrcnic resjjiration by the 'remote’ 
control technique (11, 12) after spontaneous breathing had been abolished by the 
injection of procaine into the fourth ventricle. 'J'he secondary coil was not actually 



Fig. 3. Effects on air flow recordings of increasing peak voltage applied to right phrenic 
nerve of cal. .4, spontaneous respiration. B, jihrenic stimulation with peak voltage of 1.84. C, 
peak voltage of 1.94 volts. peak voltage of 2.04. E, peak voltage of 2.16. F, peak voltage of 
2.50 volts. G, peak voltage of 4.00. 11, peak voltage of lo.oo. I, phrenic stimulation by “remote 

control” technique. Area below base line indicates inspiration; area above the base line indicates 
expiration. Area below base line is directly proportional to amount of inspired air. 

implanted under the skin but was separated from the primary by a distance of more 
than one inch. 

4. Prolonged Experiments. Three prolonged e.xperiments were carried out, 
using 2 cats and i dog. In the first, a cat, spontaneous breathing was abolished by 
large intravenous doses of sodium nembutal. It was possible to maintain the animal 
for 1 2 hours on electrophrenic respiration. Due to the fact that large doses of barbi- 
turate were necessary, the circulation was profoundly depressed and it was felt that 
this was the cause of the cat’s death rather than failure of the neuromuscular mechan- 
ism of the diaphragm. The second experiment lasted 16 hours and was probabl}' 
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terminated by a pulmonary embolus ^Yhich arose from the dog’s femoral vein at the 
site of multiple venepunctures and an indwelling needle. The third prolonged 
experiment was performed in a cat and lasted 22 hours. The animal w^as maintained 
in excellent condition during this entire period by the electrical stimulation of only 
the right phrenic ner\’ e while respiration was abolished by the intermittent injection 
of i.o per cent procaine into the fourth ventricle. At the end of 21 hours the partial 
pressure of O2 in the blood was 115 mm. Hg and that of CO2 was 44.5 (single de- 
termination, experiment ii in table i). The animal was supported by Ringer’s 
solution given intravenously at intervals throughout the experiment. The experi- 
ment was unfortunately terminated by tracheal obstruction m the form of an un- 
suspected mucous plug in the tracheal cannula. The diaphragm was contracting 
vigorously at that time. 


DISCUSSION 

It is apparent from the data in table i that adequate aeration, as reflected by 
minute volume, arterial blood oxj-genation and the elimination of carbon dioxide, 
can be achieved by the submaximal electrical stimulation of a single phrenic ner\’-e 
in the absence of spontaneous respiratory activity. The data in table i and figures 
2 and 3 demonstrate that minute volumes, appreciably in excess of those which 
the animal spontaneously performs to maintain adequate aeration under anesthesia, 
can be achieved by the use of submaximal stimulation of one phrenic ner\’-e. Maxi- 
mal stimulation of one phrenic nerve increases ventilation and bilateral phrenic 
stimulation produces still greater minute volumes. 

Table i, figures 2 and 3 indicate that the tidal volume and minute volume can 
be regulated satisfactorily by adjusting the voltage applied to the phrenic nerve 
in such a way as to cause the diaphragm to contract feebly or forcefully as may be 
desired. In addition, the ratio of the length of inspiration to the length of the total 
cycle can be varied from 25 to 72 per cent (fig. 3). The sharpness of inspiratory 
effort can likewise be regulated. Thus a variety of respiratory rates and air flow 
contours are obtainable. 

The prolonged experiments indicate that the neuromuscular mechanism is capa- 
ble of sustaining prolonged electrical stimulation and the method is thus capable of 
maintaining life for prolonged periods of time. It is our opinion that in these ex- 
periments the failure at the end of the prolonged periods was not due to failure of 
the neuromuscular mechanism. Under conditions not necessitating deep barbiturate 
narcosis or central nervous system interference, it is anticipated that stimulation 
could be successfully maintained for considerably longer periods. The work 
of Fender (13) is of considerable interest in this connection. He implanted silver 
electrodes on both splanchnic nerves of the dog and effectively stimulated them with 
from 6 to 8 volts, 8 hours a day, 6 days a week, for 5-^ months. At the end of that 
time the ner\’-es responded well to stimulation and showed no anatomic evidence of 
injury. 

Experimentally, the method may prove useful in several ways: a) production 
of regular breathing in hemodynamic studies, when irregular breathing often be- 
clouds the interpretation of vascular data, b) elucidation of neurogenic control of 
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breathing, as exemplified by marked differences between this method and the usual 
positive pressure respiration (to be reported separately), c) separation of ventilation 
into diaphragmatic and intercostal components, d) separation of respirator}' weakness 
into central and neuromuscular components, and c) ease of obtaining reproducible 
ventilation patterns in studies of lung absorption of inhaled gases, aerosols etc. 

Other observ'ations to be reported elsewhere (14) have demonstrated that, as 
was anticipated, the human phrenic nerve and diaphragm act in much the same 
fashion as do those of the experimental animal. The phrenic nerve in man lies di- 
rectly behind the sternocleidomastoid muscle on the belly of the anterior scalene. 
Exposure of tlie nerve can be accomplished in a matter of minutes under local anes- 
thesia. It would be feasible, therefore, to apply this method of artificial respiration 
to human patients if, eventually, die advantages of the method arc established in 
man. 

Although much preliminary work remains to be done, the potential advantages 
of this method have been considered. These include a) portability and low cost 
of the apparatus, b) ease of nursing care and freedom of movement of the patient, 
and c) therapeutic effect of keeping a partially paralyzed diaphragm active. Candi- 
dates for this method would be those with intact phrenic nerves, for example patients 
with bulbar depression or paralysis or high spinal anesthesia. Possible use of the 
method in patients with anterior horn cell disease must await further study. 

Prerequisites to extensive use of the clectrophrcnic method of artificial respi- 
ration in man arc a) clear evidence that electrical stimulation of the phrenic does not 
injure the nerve or its anterior horn cells and b) development of a means of stimu- 
lating the phrenic without an operative procedure. 

Chaffee and Light (ii, 12) have devised a method for tlie ‘remote’ stimulation 
of the nervous system. The method was also used by Fender (i 3). ‘Remote’ stimu- 
lation is accomplished by imbedding a small secondai}' coil under the skin witli one 
indifferent electrode and one fine stimulating electrode leading to the nen-e that it 
is desired to stimulate. Later, it is possible to stimulate the nerve in question by 
bringing the primary coil near the implanted secondar}' (but external to the animal 
or patient) and thereby induce a known current in the previously implanted sec- 
ondary coil. In this way, artificial respiration could be induced without the necessity 
for continued direct contact between the source of current and the phrenic nerve. 
This obxdates the necessity for having a lead wire emanate from the wound. In ex- 
periment 12 a cat was stimulated by such a ‘remote control’ technique and figure 3 I 
is the pneumotachographic tracing taken while this t}'pe of artificial respiration was 
being produced. The disadvantage of this technique is the fact that the implanted 
coU must be of considerable size to insure an adequate stimulus and this disadvantage 
probably outweighs the gain from avoiding the presence of a single lead wire. For 
experimental application the most satisfactory method at present is the technique 
of implanting a single electrode. 


STBIMARY 

It is feasible to produce artificial respiration by the electrical stimulation of one 
or both phrenic nerves. By this means, the animal’s spontaneous minute volume 
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can easily be exceeded and the tensions of oxygen and carbon dioxide in arterial blood 
maintained at satisfactory levels for as long as 22 hours in the absence of spontaneous 
respiratory acthdty. The rate and depth of respiration and the contour of respi- 
ratory air flow can be readily modified within broad limits. 

Chnical and experimental implications of the method have been presented. 

The authors wish to express their thanks to Dr. Robert Schwab and Dr. Jason Mixter for their 
encouragement in the early phases of this work and to Mrs. Harriet . 4 . Kriete for technical assist- 
ance. 
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BLOOD SUGAR RESPONSE TO ANOXLA DURING 
ACCLIMATIZATION 

EDWARD J. VAN LIERE, J. CLIFFORD STICKNEY and DAVID W. NORTHUP 
From the Department of Physiology, West Virginia University, School of Medicine 

MORGANTO\W, UXST \’TRGINIA 

T here are several objective physiologic criteria which can be used to deter- 
mine adaptation to altitude. The most important of these are: an increase 
in tire total ventilation of the lungs; changes in alveolar CO2 and 0- tensions; 
alterations in blood chemistrjf; an increase in the amount of hemoglobin and number 
of red blood cells; certain changes in the circulator}’ system and in gastro-intestinal 
function. 

Acclimatization is an involved process and is not at all v;ell understood. It is 
desirable that as many criteria as possible be established. On tliis account it seemed 
worthwhile to study the effect of acclimatization on blood sugar response to anoxic 
anoxia. 


ilETHODS 

Si.x dogs were used in these experiments. Throughout the course of the study 
they were fed an adequate diet including table scraps, purina dog chow and a liberal 
amount of milk. Before being subjected to test for blood sugar response they were 
fasted for 24 hours. The ranges of control-blood sugar values in the 6 dogs before 
exposure to anoxia are shown in table i. 

The animals were subjected to a barometric pressure of 254 mm. of Hg (approxi- 
mate altitude of 28,000 ft.) in a low-pressure chamber for 15 minutes and blood sugar 
determinations were then made (Folin-Wu method.) Several such determinations 
were made at weekly interv’als. After the control figure had been established, the 
animals were exposed to intermittent anoxia of 303 mm. Hg (approximate altitude of 
24,000 ft.) 4 hours each day, including Sunday, until they became acclimatized as 
shown by the fact that exposure to a simulated altitude of 28,000 feet did not cause 
elevation of the blood sugar. 

Daily exposures were then discontinued so that the animals might lose their 
acclimatization. In order to follow the process of deacclimatization, they were 
tested by a single exposure to a barometric pressure of 254 mm. Hg for a 15-minute 
period at varying intervals, but not, as a rule, oftener than once a week. 

RESTJLTS 

Five of the 6 animals showed acclimatization as evidenced by the fact that when 
subjected to a pressure of 254 mm. Hg for 15 minutes, no significant elevation of 
blood sugar occurred. One animal which was extremely sensitive to anoxia showed 
only partial acclimatization. 
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The results of 3 representative animals are shown in the accompanying figures. 
Dog 2 (fig. i) lost most of its acclimatization (as regards response of blood sugar to 
anoxia) within a period of about 15 days. On the other hand dog 4 (fig. 2) started 
losing its acclimatization after about 6 weeks, but lost it slowly and did not deac- 
climatize until about 5 months had elapsed. Dog 5 (fig. 3) still showed acclimatiza- 
tion 7 months after it had been exposed to intermittent anoxia; further determinations 
were not made on this animal. The data obtained from the 2 remaining dogs were 


Table i. Range of control blood sugars on dogs before exposure to anoxia 


DOG no. 
2 

3 

4 

5 

6 
8 


mg/per 100 ml. 
gi-iio 
S7-111 
108-128 
105-124 
107-122 
101-105 


NO. OF DETERMINATIONS 

9 

9 

9 

9 

10 

2 



as follows: the results in one of the dogs were indeterminate at the end of 2 months; 
the other animal had hardly lost any of his acclimatization at the end of 2 months. 

DISCUSSION 

It is of interest that it took only a relatively short period of time (about a week) 
to acclimatize these animals, as far as the blood sugar response to anoxia was con- 
cerned. In work reported from this laboratory (i) on the effect of intermittent 
anoxia on the hemoglobin and on the number of red blood cells, it was found that 
there was no significant rise in either until nearly three weeks had elapsed. This 
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same time element v.-as found also in experiments v/e reported concerning acclimati- 
zation and gastric emptying (2). These experiments %vere also pen'ormed on dogs. 

In order to demonstrate that there is virtually an acclimatization for eatery 
altitude and to shovr that the adrenal glands vrere not exhausted, the acclimatized 
animals vrere subjected to a pressure of 208 mm. Hg (approximate altitude of 32,000 




TIME- MONTHS 

Fip. 2 {upper) and 3 (Jou-cr'j. AccmiA-nzATio:; of the h>-perglycemic response to 28^00 ft. 

it. for 15 minutes). Five of the 6 dogs showed a significant rise in blood sugar. 
However, the animal -which showed only partial acclimatization died within a few 
minutes after being exposed to this simulated extreme altitude. 

It is noteworthy that 2 of the survixdng animals did not deacclimatize — at least 
during the time they were tmder obser\’^ation. It is difficult to accoimt for this 
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phenomenon. There are several factors which might be mentioned: a) anoxia dis- 
turbed the balance between the vago-insulin and the sympathico-adrenal systems; 
6 ) anoxia impaired the function of the liver depots so that the sugar was not released; 
c) anoxia changed the threshold of the response of blood sugar to altitude. All of 
these factors are more or less speculative and, as far as we are aware, no definite proof 
for any of them exists. 

If the vago-insulin and the sympathico-adrenal balance were disturbed by the 
anoxia, it is difficult to see why these mechanisms apparently were still in balance 
when the animals were subjected to more severe degrees of anoxia than those to 
which they had been acclimatized. Relative to the effect of acclimatization on the 
liver, Gellhom and Packer (3) working with unanesthetized rabbits reported that 
brief periods of anoxia tend to antagonize the effect of insulin and cause a quicker 
recovery of the blood sugar to normal values.' Prolonged anoxia, however, leads to 
an aggravation of the hypoglycemia and a progressive fall of the blood sugar curve. 
These authors feel that the failure of prolonged anoxia to bring about a recovery of 
the blood sugar curve is due to the inability of epinephrine to Hberate glucose from 
the liver. The question arises whether this could be applied to acclimatized animals. 
Lastly, anoxia may change the threshold of the response of blood sugar to altitude 
by some mechanism not as yet understood. It would not necessarily have to be 
central in character. 

It is hard to believe that those animals which did not deacclimatize were per- 
manently acclimatized as far as the blood sugar response to anoxia was concerned. 
It is known that animals upon return to sea-level lose their characteristic physiologic 
changes associated with high altitude adaptation. For example, when acclimatized 
animals are brought down to sea-level, the number of red blood cells and the amount 
of hemoglobin return to normal values within a relatively short time. It is quite 
likely that some organs or body systems retain their acclimatization longer than do 
others, but it does not seem likely that they would retain it indefinitely. 

It should be mentioned that subjectively the animals looked more at ease at 
altitude after they had been acclimatized than they did at the beginning of the experi- 
ment. Their muscular coordination, too, upon removal from the low-pressure 
chamber was much better. The animals did not lose an)’’ appreciable amount of 
weight in the course of the experiments and, save the one which died, remained 
healthy and vigorous throughout. There was no increase in the amount of hemo- 
globin in the 4 dogs which showed acclimatization {in response of blood sugar to 
anoxia) within a period of about a week. Two animals, however, which were sub- 
jected to mtermittent anoxia for a longer period showed, as would be expected, an 
appreciable rise in the amount of hemoglobin. 

SUMMARY 

After the normal response of blood sugar to anoxia (254 nun. Hg) was deter- 
mined in 6 dogs, the animals were subjected to a pressure of 303 mm. Hg for 4 horns 
a day. Five of the 6 animals became acclimatized as far as the blood sugar response 
was concerned as evidenced by the fact that there was no increase when exposed to 
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a pressure of 254 mm. Hg. Several animals deacclimatized witliin a relatively short 
time, but one animal showed considerable acclimatization at the end of 2 months, and 
another animal apparentl}’’ was still acclimatized at the end of a 7-month period. 

The technical assistance ol \V. V. Crabtree during part of this v.-ork is gratefully acknowledged. 
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EFFECT OF MUSCLE WORK UPON TOLERANCE OF 
EVISCERATED RAT FOR GLUCOSE 

DWIGHT J. INGLE and JAMES E. NEZAMIS 
From the Research Laboratories, The Upjohn Company 

KALAMAZOO, MICHIGAN 

I T HAS been shown (i) that muscular work accelerates the rate of fall of blood 
glucose in eviscerated and eviscerated-nephrectomized rats. The present 
experiments demonstrate the marked effect of muscle work upon the glucose 
load which the eviscerated rat can tolerate in the presence and absence of insulin. 

METHODS 

Male rats of the Sprague-Dawley strain were fed Archer Dog Pellets. At a 
weight of 185 to 205 grams, the inferior vena cava was ligated between the liver and 
kidneys in order to cause the development of a collateral circulation. Asepsis was 
preserved in this operation. When the animals reached a weight of 250 (±2) grams 
they were anesthetized (intraperitoneal injection of 18 mg. of cyclopentenyl-aUyl- 
barbituric acid sodium) and eviscerated by the procedure of Ingle and Griffith (2). 
Hemostasis was attained by applying a gelatin sponge (Gelfoam, Upjohn) saturated 
with a solution of thrombin to the stumps of the esophagus, colon, ligated vessels 
and between the muscle and skin when the incisions were closed. 

Immediately following the operation, the animals were prepared for the stimu- 
lation of muscle according to Ingle (3) and with the following modifications. A 
Nerve Stimulator (Model B, Upjohn) was used to stimulate muscle at the rate of 5 
times per second. The duration of each pulse was 20 msec, and the intensity was 
20 ma. In experiment i, the stimulus was applied to the left leg only; in experiment 
2, the stimulus passed from the right back foot to the contralateral back foot thereby 
activating the entire musculature of both legs. The work of the left gastrocnemius 
was registered on automatic work recorders. Each recorder revolution represented 
approximately 400-gram centimeters of work. The animals were enclosed in a 
cabinet with temperature constant at 26.5° (±.5) C. 

Solutions of glucose (C.P. Dextrose, Merck) with and without insulin (crystalline 
zinc, Lilly) were infused into the jugular vein at a constant rate by means of a con- 
tinuous injection machine which delivered fluid from each of 12 syringes at the rate 
of 20 cc. in 24 hours. The glucose load is expressed as milligrams of glucose per 100 
grams of rat per hour (mg/ioo/h.). Insulin was given at the rate of 4 u per 24 hours. 
The infusions covered a period of 2 hours. 

Analyses of glucose were made on tail blood by the method of Miller and Van 
Slyke (4). 

EXPERIMENTS AND RESULTS 

Experiment i (fig. i) was a study of the effect of stimulating the gastrocnemius 
muscle of one leg upon the tolerance of the eviscerated rat for glucose. The following 
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glucose loads were covered: o, i6, 24, 36, 44, 48, 52, 70, 100, no, 120 and i3o/ioo/h. 
The following experimental conditions with 8 raLs per group were represented: no 
work, no insulin; work, no insulin; no work, insulin; and work, insulin. During the 
2-hour period the glucose load tolerated by the non-working rat v/ithout insulin was 
approximately 16/ loo/h. ; with insulin the value was increased to 72/ loo/h. Under 
similar conditions the stimulation of one leg in rats without insulin increased the 
tolerance for glucose to approximately 48/ioo/h.; with insulin the tolerance was 
raised to approximately iio/roo/h. 

Expcrimoil 2 (fig, 2) was a study of the effect of activating all of the musculature 
of both back legs upon the tolerance of the eviscerated rat for glucose. The following 
glucose loads were covered: 50, 72, 100, 120, 140, 160, 180, 200, 220, 240, 260 and 
280/100 h. Working rats were studied with and without insulin. The average 



Fig. I (le/l). Effect of stimulating the gastrocneiuus muscle of one leg upon the glucose 
tolerance of eviscerated rats with and without insulin. Average level of blood glucose at the end 
of 2 hours. Eight rats per group. 

Fig. 2 {right). Glucose tolerance of evisceil\ted rats subjected to stimulation of both 
back legs with and without insulin. Average level of blood glucose at the end of 2 hours. Eight 
rats per group. 

glucose tolerance for rats without insulin was approximately i6o/ioo/h.; with insulin 
this value was increased to approximately 220/100/h. 

As shown in figures i and 2 the amounts of work recorded during 2 hours of 
stimulation were roughly proportional to the glucose load in those animals which did 
not receive insulin. Wien the level of blood glucose was suppressed by the adminis- 
tration of insulin the work performance was definitely depressed. There was no 
tendency for the addition of insulin to improve work performance under these experi- 
mental conditions. 


DISCUSSION 

Under resting conditions the tolerance of the eviscerated rat for glucose is very 
low, although it can be increased somewhat by insulin. It is probable that this low 
requirement for glucose is due in major part to inactivit3L During muscular work 
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the requirement for glucose can be increased ten-fold without the addition of insulin. 
We have not determined the fate of the glucose or the changes in carbohydrate stores 
in the peripheral tissues. It seems reasonable to draw the tentative conclusion that 
the stimulation of muscle causes a marked increase in the utilization of glucose with- 
out any change in the insulin content of the body fluids. It is also reasonable to 
suggest that these rats were insulin-deficient following the removal of the pancreas 
by evisceration. 

The addition of insulin increased the tolerance for glucose by approximately the 
same load (6o/ioo/h.) in the resting animal, in the animal subjected to stimulation of 
the gastrocnemius of one leg and in animals subjected to stimulation of both hind 
legs. This may have been fortuitous.' The administration of insulin did not im- 
prove work performance. On the contrarjq when the level of blood glucose was 
lowered by insulin the performance of work was somewhat depressed. It is possible 
that the action of insulin favored pathways of glucose conversion which competed 
with the contracting muscle for the glucose. 

The effect of work upon the carbohydrate requirement of the eviscerated rat 
should be explored further in animals made severely diabetic prior to evisceration. 
A full interpretation of the results would require tracing the pathways of carbo- 
hydrate utilization during rest and work. 

SUMMARY 

The effect of work upon the tolerance of the eviscerated rat for intravenously 
administered glucose was studied during a period of 2 hours. In experiment i, the 
gastrocnemius muscle of one leg was stimulated to lift 100 grams at the rate of five 
times per second. The average glucose load tolerated by the non-working rat with- 
out insulin was approximately i6/ioo/h.; with insulin the value was 72/ioo/h. 
Under similar conditions the stimulation of one leg in rats without insulin increased 
the tolerance for glucose to approximately 48/ loo/h. ; with insulin the approximate 
value was iio/ioo/h. 

In experiment 2, the stimulus passed from one back foot to the contralateral back 
foot thereby activating the entire musculature of both hind legs. The average value 
for glucose tolerance without insulin was approximately i6o/ioo/h.; with insulin the 
approximate value was 220/100/h. 

Work performance was roughly proportional to the glucose load in those animals 
which did not receive insulin. The administration of insulin suppressed work per- 
formance at the lower glucose loads. In no instance did the administration of insulin 
enhance the ability of the eviscerated rat to work. 
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EFFECTS OF THE PITUITARY GROWTH AND ADRENOCOR- 
TICOTROPIC HORMONES ON THE URINARY GLUCOSE, 
NITROGEN AND THSTONE BODIES OF DIABETIC RATS 
MAINTAINED ON A CARBOm^DRATE-FREE DIET‘ 


LESLIE L. BEN-NE'Fl' ant) BARBARA LAUNDRIE 

From the Inslilulc of Experimental Biology ami the Division of Physiology, 

University of California 

BERKELEY, CALtFORN'IA 

P REVIOUS work from this laboraloiy has demonstrated that the administra- 
tion of pure adrenocorticotropic hormone enhanced both the glycosuria and 
urinary nitrogen excretion of diabetic rats which were maintained on a stock 
diet (i). The h3’pophyseal growth hormone produced nitrogen retention but had 
little effect upon the glycosuria of such animals. Either adrenocorticotropic hormone 
or growth hormone increased the ketonemia and ketonuria of fasted nonnal rats (2). 
Adrenocorticotropic hormone increased both the gl3’'Cosuria and urinarv* nitrogen ex- 
cretion of diabetic rats which were maintained on a carboh3^drate-free diet (3). The 
effect of growth hormone under these conditions has not been investigated previously. 
It is the purpose of this paper to present some experiments in which these two h3'po- 
physeal hormones were administered to diabetic rats, which were maintained on a 
carbohydrate-free diet, and the resulting changes in the urinary e.xcretion of glucose, 
ketone bodies and nitrogen were investigated. The experiments with adrenocortico- 
tropic hormone are in addition to those previousl}' reported (3). 

SIETHODS 

All animals used were male rats of the Long-Evans strain between 55 to 65 days of age at the 
time of production of diabetes. Diabetes was produced by the intraperitoncal injection of 200 
mg/kg. body weight of alloxan monohydrate (Eastman) on each of two successive daj'S. Ten 
rats which had a persistent and uniform glycosuria while on the carbohydrate-free diet" were selected 
for study. Although tlie degree of glycosuria was uniform from day to day in each animal, it dif- 
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* Aided by grants from the .American Cancer Society (through the National Research Council, 
Committee on Growth), the National Institute of Health, RG ^!?4o9, and The Research Board, Uni- 
versity of California. The following materials were generously contributed: Ciystalline B vitamins 
and a-tocopherol from Merck and Company, Inc., Rahway, N. J.; synthetic pteroylglutamic add 
(Liver L. casei factor) and liver syrup (Lab. No. 7-6737) from Lederle Laboratories, Inc., Pearl 
River, N. Y.; synthetic d-biotin from Hoffman La-Roche, Inc., Nutley, N. J. 

^ The carbohydrate-free diet consisted of alcohol-extracted casein 71%, hydrogenated vegetable 
oil (Crisco) 24%, salts No. 4 (6) 4% and liver syrup and B vitamin mixture one %. This furnished 
the follonang amounts of [vitamins/kg. diet: 2-mcthyl-i, 4-naphthoquinone 5 mg., [thiamine HCl 
S mg., riboflavin 10 mg., pyridoxine HCl 5 rag., f>-aminobenzoic acid 10 mg., nicotinic acid 20 mg., 
caldum pantothenate 50 mg., inositol 400 mg., pteroylglutamic add 5.5 mg., synthetic d-biotin 0.3 
mg. and choline chloride one gm. One cc. of a fat-soluble vitamin mixture was fed at about the 
mid-point of the metabolic study period. This consisted of 6 mg. a-tocopherol (Merck), 115 chick 
units vitamin D and 800 USP units vitamin A in 650 mg. com oil (Mazola). 
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fered from one animal to another, varj'ing from 220 mg. to 3980 mg/day. Thus, the effect of the 
hormones could be evaluated in animals with varjdng degrees of severity of diabetes. 

By trial and error it was determined how much food would be consumed completely by each 
animal eacli da}' and this amount was fed daily tliroughout the experiment. Therefore, -with but 
one exception, the food intake was constant for each animal throughout the entire period of ob- 
servation. One rat during the injection of adrenocorticotropic hormone failed to eat as much as it 
had during the pre-injection control period. During the post-injection control period it was fed 
daily an amount of food equal to the average daily consumption during the injection period. 

The animals were kept in individual metabolism cages and were fed at the same time each 
morning. Urines were collected through large ribbed glass funnels into wide-mouthed Erlenme3^er 
flasks which contained a layer of toluene as a preservative. Feces were separated from the urine by 
perforated porcelain discs. Collections were made each morning bj-^ washing down the funnels with 
300 to 400 cc. of distilled water. 

Glucose was determined by the Somogyi (4) method and is reported as total reducing sub- 
stances. Correction for non-fermentable reducing substances were not carried out, since studies 
with yeast fermentation have shown that the urinary content of non-fermentable reducing sub- 
stances is as negligible in animals upon this diet as it is in animals upon the stock diet (i). Urinary 
nitrogen was determined bj* the micro-Kjeldahl procedure. In these experiments fecal nitrogen 
analyses were not done. Previous unpublished observations have confirmed that the fecal nitro- 
gen excretion is constant as long as the dietary intake is constant and, in addition, have shown that 
growth hormone or adrenocorticotropic hormone administration is without effect upon the fecal 
nitrogen excretion. Thus, changes in urinary nitrogen excretion may be taken as a valid index of 
changes in nitrogen balance under the condition employed in these experiments. Urinarj' ketone 
bodies were determined by the method of Van Slyke (5) with Denige’s reagent. In two of tlie ex- 
periments with growth hormone ketone bodies were not determined {Exp. 5 and 6) . 

The growth hormone and adrenocorticotropic hormone’ used were prepared according to the 
previouslj'- published method (7, 8) and were administered intraperitoneally at a dose level of 3 
mg/day, three injections of one mg. each being given at intervals of about five hours during the daj'. 

Before administering a hormone, the urinary excretion of glucose, nitrogen and ketone bodies 
was determined for a pre-injection control period of from 8 to 18 days. The duration of the period of 
hormone administration in most instances was five days. In some cases, after the administration 
of one hormone for a five-da\' period, injection of the other hormone was started immediatelj'^ with- 
out an intervening control period. In all cases following the cessation of injection a post-injection 
control period of from five to nine daj’S was carried out, the animals being followed for the longer 
period when the degree of glycosuria and urinary nitrogen excretion did not immediately return to 
the pre-injection level. 


RESULTS AND COMMENT 

The data of the experiments are presented in tables i, 2 and 3 and in figures i 
and 2. Figure 2 contains data in addition to that incorporated in the tables and 
figure I shows the type of day-by-day variations that were encountered. In the 
graphic presentation, individual daily values representing the response of 2 individual 
rats to each hormone are shown. In the tabular presentation, the average excretion 
during the injection period has been compared statistically with the average excre- 
tion during the control period. A p value of 0.05 or less was considered to be signifi- 
cant. Only the average of the pre-injection control period is shown in the table 
except when the pre- and post-injection control periods were different, in which case 
the mean of each is given. There is one exception. In the case of experiment g, 
only the post-injection control data were presented. This is the animal that reduced 
its food intake during the injection period. 

Inspection of table i shows that the administration of growth hormone did not 

’ The authors are indebted to Doctor Choh Hao Li for the preparation of the hormones. 
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produce a significant increase in glycosuria in any of the 6 animals. Figure 2 demon- 
strates that, even when the glycosuria had been enhanced by prior administration of 
adrenocorticotropic hormone, growth hormone did not maintain the glycosuria at the 


Table i. ErFr.cr or on and or actu on* tiik urcvahy f-xcrktion* of glccosk. d*i diabetic eats 

JIAINTAIN'ED ON* A CARBOnYDRATE-TEEF, DIET 


KXP. 

NO. 

CM. mr.T/ 
DAV 

ijokmont./dav 

IK MG, 

CRlr.'AR'i' CLfCOSi; 1:; HG/DAV 

Control jwriod 

Injection period 

Change i 
! 1 

I 

10 

3GH 

220 rfc 30’ (8)’ 

320 ±. So (s) 

1 

1 -fioo 1 0.20 

2 

14 

3GH 

480 ±110 (8) 

820 db 130 (s) 

! d-340 0.07 

3 

12 

3GH« 

2040 d: 90 (9) 

22S0 d: 100 (5) 

-f24o I O.IO 

4 

12 

3GH' 

2930 i iSo (7) 

3020 i 180 (3) 

-f90 I 0.30 

5 

36 

3 GH 

3300 i 100 (17) 

3330 ± 200 (0) 

4-30 ! 0. S5 

6 

16 

3GH 

3660 ± 70 (17) 

37S0 dc 150 (6) 

-ri2o ' 0.40 

8 

12 

3 ACTH< 

930 ± 70 (S) 1 

2930 dc 130 (3) 

-1-2000 i <0.01 

9 

7.6 

3 ACTH* 

1770 ^ 140 (9) 1 

2470 i 230 (3) 

-r70o ! o.oi 

10 

10 

3 ACTH 

230 ± 40 (9) ! 

760 dc 140 (5) 

-rS 30 I <0.01 

II 

14 

3 ACTH 

560 ±120 (9) 1 

2040 d: 210 (5) 

-ri4So i <0.01 

12 

12 

3 ACTH 

2040 i 90 (9) i 

2010 d: 190 (3) ! 

—30 ; 0.90 




1390 ± 210 (4) j 

i 

1 

-1-620 { 00.04 


' First day only 2 mg. • Number of days of observation. ’ Standard deviation of the mean 
■* From Fisher’s (9) table of i. 


Table 2. Effect of gh /\n*d of actu on* the urinary fjccretion* of nitrogen* by 

DIABETIC RATS MAINTAINED ON A CARBOUYDRATE-FREE DIET 




I nORMONT/DAV 

1 IK MG. 

tnuKARY KtrsocE;; it; uoJdk'c 

Control period 

Injection period 

Change 

1 

I 

10 


780 d: IS* (8)* 

684 fcr 15 (3) 

-96 

i 

j <0.01 

2 

14 


1062 d: 15 (8) 

945 =b 19 (5) 

-I17 

1 <0.01 

3 

12 

3 GH- ! 

948 dr 21 (9) 

849 ± 16 (5) 

-99 

! <.oi 

4 

12 

3GH= 

891 rh 18 (7) 

874 ±41 (5) 

-17 

j 0.65 




1041 rfc 35 (5) 


-167 

j <0.01 

5 

16 

3GH 

1369 d: 16 (18) 

1152 rfc 39 (6) 

-217 

1 <0.01 

6 

16 

3GH 

1297 d: 17 (18) 

1209 rfc 29 (6) 

-88 

1 0.02 

8 

12 

3 ACTH* 

876 dr 17 (8) 

i 1058 rfc 18 (5) 

i -1-182 

1 <0.01 

9 

7.6 

3 ACTH* 

612 rfc 25 (9) 

745 ± 61 (5) 

+133 

\ 0.02 

10 

10 

3 ACTH 

800 rfc 17 (9) 

S70 dr 19 (5) 

-r 70 

0.02 

II 

14 

3 ACTH 

1074 rfc 19 (9) 

1207 rfc 22 (5) 

+133 

<o.oi' 


! 


1183 rfc 30 (6) 


-7-24 

0.30 

12 

12 

3 ACTH 

948 rfc 21 (9) 

1021 rfc 36 (3) 

+73 

0.06 


' Number of days observation. - First day only 2 mg. ’ Standard deviation of the mean. 
From Fisher’s (9) table of 1. 


higher level. On the other hand, adrenocorticotropic hormone produced a signifi- 
cant increase in glycosuria in 4 of the 5 animals to w'hich it was administered. It is 
of interest to note that in experiment 12, in which there was no increase when com- 
pared to the pre-injection control period, the diabetes was of considerable severity, 
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the rat initially excreting more than 2 gm. of glucose per day in spite of the absence of 
any dietary carbohydrate. This observation is in conformity with those previously 


Table 3. Eefect of gh and of acth on the ttrinary excretion of ketone bodies of 

DIABETIC RATS MAINTAINED ON A CARBOHYDRATE-FREE DIET 


EXP. 

NO. 

GM. diet/ 
DAY 

i hormone/day 

IN MG. 

tnUNARV KETONE BODIES IN MG/DAV 

Control period 

Injection period 

Change 


1 

I 1 

10 

SGH 

4.1 ± .822 (7)1 

2.3 db .70 (5) 

-1.8 

0.12 

2 

14 

3GH 

4.7 ± 1. 13 (7) 

S.O db 1.94 (S) 

+0.3 

0.90 

3 

12 

3GH» 

3.8 db .64 (8) 

15.8 db 6.6s (S) 

-1-12.0 

0.03 

4 

12 

3GH* 

3.9 ± .82 (7) 

III. I ± 28.6 (s) 

-I-IO7.2 

<0.01 

7 ! 

12 

3GH 

3.3 ± -81 (7) 

43.1 ± 23.0 (4) 

+ 39-8 

0.02 

8 ! 

12 

3 ACTH* 

3.0 rh .66 (8) 

22.7 dz 13.6 (s) 

+ 19-7 

0.05 

9 

7.6 

3 ACTff 

5.9 ± 3-63 ( 8 ) 

67.6 ± 15.7 (s) 

-1-61.7 

< .01 

10 

10 

3 ACTH 

3.7 ± .84 (8) 

3.1 ± 1. 10 (s) 

—0.6 

0.6s 

II 

14 

3 ACTH 

4.6 ± 1. 00 (8) 

4.9 ± -83 (s) 

-1-0.3 

0.80 

j 



2.1 ± .40 (7) 


-f2.8 

<0.01 

12 ! 

12 

3 ACTH 

1.6 ± .68 (s) 

3.1 ri: 1.78 (s) 

-1-i-s 

0.40 

13 

14 

1 

3 ACTH^ 

49-5 ± 18.8 (7) 

254. o« ± 23.4 (4) 

-1-204.5 

<0.01 


^ Number of days observation. * Standard deviation of the mean. * First day only 2 mg. 
^ Food consumption reduced to g gm. per day during the injection period. Died at end of 
Stb day of injection. Glucose and nitrogen data not presented. 

® From Fisber’s (9) table of (. 



Time in Days 

Fig. I. Effect of GH and ACTH upon the urinary glucose, nitrogen and ketone bodies of a dia- 
betic rat maintained on a carbohydrate-free diet. 

reported (3), that the effect of adrenocorticotropic hormone upon the glycosuria under 
these dietary conditions is less marked when the diabetes is severe. Also, in this 
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animal the adrenocorticotropic hormone administration followed the period of growth 
hormone administration. 

The data presented in table 2 show that in each instance in which gro’wth hor- 
mone was administered there was a reduction in the e-\'crclion of urinary nitrogen. 
This reduction was significant in si.x of the seven cases in which statistical comparison 
was made. Figure 2 shows a similar effect of growth hormone in the rat that had its 
nitrogen excretion enhanced by prior administration of adrenocorticotropic hormone. 
In each instance in which adrenocorticotropic hormone was given there was an in- 
crease in urinarj'’ nitrogen excretion which was significant in at least one comparison 



Fig. 2. Efiect of GH and ACTH upon the urinary glucose, nitrogen and ketone bodies of a dia- 
betic rat maintained on a carbohydrate-frec diet. 

in 4 of the 5 animals. It is clear, therefore, that under tliese e.xperimental conditions 
the effect of adrenocorticotropic hormone is to increase botli the urinaiyniitrogen excre- 
tion and the glycosuria. On the other hand, there seems to be little doubt that 
growth hormone promotes nitrogen retention and is without effect upon the gly- 
cosuria. 

Both hormones increased the ketonuria of the rats that were severel}’’ diabetic. 
The statistical summary is presented in table 3 and the variable nature of the response 
is shown in figures i and 2. Growth hormone produced an increase in ketonuria in 
three of the five experiments. Using the experiment numbers, cross reference to 
tables I and 2 shows that the increase in ketonuria occurred in those animals that 
had a marked glycosuria and D/N ratios above 2.69 during the injection period, 
rather than in the mildly diabetic rats. Adrenocorticotropic hormone produced an 
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increase in ketonuria in four of six experiments. Again, tins occurred only in animals- 
with a marked glycosuria and high D/N ratios. Since botli adrenocorticotropic 
hormone and growth hormone will increase the ketonuria of fasted normal rats (2), 
it is not surprising that they have a similar effect in diabetic rats maintained on a 
carbohydrate-free diet. However, the above data would seem to indicate that the 
increased ketonuria is present only if the animal is severely diabetic. 

CONCLUSIONS 

Adrenocorticotropic hormone enhances both tlie glycosuria and urinary nitrogen 
excretion of diabetic rats maintained on a carbohydrate-free diet. Growth hormone 
produces nitrogen retention but does not significantly alter the glycosuria of diabetic 
rats maintained on a carbohydrate-free diet. If the diabetes is severe, both growth 
hormone and adrenocorticotropic hormone increase the ketonuria of diabetic rats 
maintained on a carbohydrate-free diet. 
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EFFECTS OF THE PITUITARY GROWTH AND ADRENOCORTI- 
COTROPIC HORMONES ON THE URINARY GLUCOSE AND 
NITROGEN OF mnPOPHYSECTOMIZED DIABETIC R ATS‘ 

LESLIE L. BENNETT 

From the Division of Physiolofiy and. ike Institute of Experimental Biology , 

University of California 

BERKELEY, CALITORMA 

T his paper is the last of a series reporting studies of the metabolic effects of 
the pituitary growth and adrenocorticotropic hormones in diabetic rats. 
Previous papers have reported experiments involving the administration of 
these hormones to diabetic rats maintained on a stock diet (i) and on a carbohydrate- 
free diet (2, 3). 

It is the purpose of the present paper to report effects produced in h)T)ophy- 
sectomized-diabetic rats by the pure growth and adrenocorticotropic hormones. 

METHODS 

The hormones used- were prepared according to the previously published methods (4, s)* 
The age and sex of animals used, the method of production of diabetes and the analytical methods for 
the determination of the daily urinarj' c.xcrction of glucose and nitrogen were the same as those 
preriously described (i). Animak with a,pcrsistcnt, stable degree of glycosuria were selected for 
study and were kept in individual metalJplism cages. 

Two different experiments were carried ^ nt: the first, an investigation of the effects of adreno- 
corticotropic hormone; the second, an investigation of the effects of growth hormone. In each 
experiment there was a group of h>'pophysectomizcd-diabetic rats and a control group of intact 
diabetic rats. The control group in each case was pair-fed’ with the corresponding experimental 
group. The food consumption was restricted prior to h>'pophysectomy; after hj-poph>'Scctomy the 
hypophysectomized rats were allowed to eat ad libitum. In each group there were 4 or 5 animals 
that were carried through the entire period of 26 days of observation. The original number of 
animals in the groups were larger, but deaths after hj'pophj’sectomy, incomplete h>‘pophj'scctomy 
and failure to maintain a stable daily food intake reduced the number of animals. 

For seven days prior to hj-pophyscctomy the daily urinary excretion of glucose and nitrogen 
was determined for a pre-hj-pophysectomy control period. After hj'pophj-scctomy the same de- 
terminations were made for a seven-day posthypophj'sectomy control period. The hormones were 
given for a period of four days and were administered intraperitoneally at a dose of one mg. three 
times a day. Following the period of hormone administration a post-injection control period of 
from five to six days was carried out. 


Received for publication July 19, 1948. 

’ Aided by grants from the American Cancer Society (through the National Research Coimcil, 
Committee on Growth), the National Institute of Health RG-409 and the Research Board, Univer- 
sitj' of California, Berkeley. 

’ The author is indebted to Dr. Choh Hao Li for preparation of the hormones used. 

’The diet fed consisted of ground whole wheat 67.5%, casein 15.0%, whole milk powder 
10.0%, NaCl 0.75%, CaCOj 1.5%, hydrogenated vegetable oil (Crisco or Primex) 5.25%. To each 
kg. of diet were added 3.5 gm. Sardilene (fish oil concentrate containing 3000 USP units of vitamin A 
and 400 chick units of vitamin D per gm.). 
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DAYS 

Fig. I. Daily food coNStntpnoN, urinary nitrogen and urinary glucose of hypophysectonoized 
diabetic rats treated with adrenocorticotropic hormone. 



DAYS 

Fig. 2. Daily food consumption, urinary nitrogen and urinary glucose of hypophysectomized 
diabetic rats treated with growth hormone. 
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RESULTS AKD COMMENT 

The data from llic experiments are presented in figures i and 2 and in table i. 
In the graphic presentation is shown the average daily food consumption and urinary 
excretion of nitrogen and glucose by the group. In table i the average of individual 
hypophysectomized-diabctic rats during the injection period is compared with a 
control period. Inspection of figures i and 2 show.s that prior to hypophysectomy 
the food consumption was quite constant and nearly identical in both the experimen- 
tal and control groups and that there was essentiall}^ no difference in the urinary 
glucose and nitrogen excretion of the experimental group as compared to the control. 

Table i. Effect of 3 mg. fee dav or aduen'ocorticotkofic iiormoxf. and OROwrn hormone ox 

TItF. URINARY GLUCOSE AND NITROGEN OF HYFOPH YSKCTOMIZED-DIABETIC R,\T5 


FOOD ISTAKr, 1 UKIX,\KV CI.VCOSK | UKnfABV I.TTBOOn;.' 


HOUilOWC 



~ 

— 

— 







CIVKN 

Con- 

trol 

period' 

Injec- 

tion 

period 

Control period 

Injection 

period 

Chance 

P 

Control 

period 

Injection 

I>criod 

1 

D 

■ 


ml 

day 

mt 

day 

r-.niday 

mziday 

ntiday 


m.^jday 

v.ifday 

ns! 

day 


ACTH 


9.9 

1460 db 190^ 

3010 d: 770 

+ 1550 

•03 

rir 7 

330 i II 

ri -57 

<. 0 I 

ACTH 


10.8 

930 i 190 

3390 d: 920 

-1-2460 

< .01 

262 dr 31 

336 rir 2Sj-f 106 

.02 

ACTH 


10.7 

2990 dr 450 

4550 rir 320 

-1-1360 

.015 

304 ± 24 

333 ^ 22 

+29, 

•30 

ACTH 


14-9 

2310 ± 370 

4530 ± 630 

-1-2220 

<.OI 

360 dr 15 

423 dr 26; -1-83 

<.OI 

ACTH 

I3-I 

13-2 

2860 dsz 320 

4890 dr 890 

+2030 

.02 

389 rir 31 


-i-ii 

.90 

GH 

II . 2 

12.1 


660 d: 160 

-I-280 

,10 

312 rir 17 

21S db 36 

-94 

.02 

GH 

II . 2 

9-S 

430 ± 11$ 

220 dr 85 

— 210 

•IS 

271 dr 22 

154 rir 28 

-117 

<. 0 I 

GH 

II . 2 

11.3 

120 dr 50 

70 dr 20 

-SO 

•30 

271 dr 14 

160 rh 30 

— III 

<. 0 I 

GH 

II. 2 

10,0 

1610 dr 190 

120 dr 30 

-1490 

<.OI 

297 dr iS 

102 rir 8 

-195 

<.OI 


* For the ACTH-treated animals the last 5 days of the post-luTiophyscctomy control period was 
used. For the GH-trcatcd animals the last 5 days of the post-injection control period was used. 
These control periods were taken as tliey gave the most uniform food intake compared with the in- 
jection period. 

* From Fisher’s table of 1 . A value of 0.05 or less was considered significant. 

* Standard deviation of the mean. 

After hypophysectomy, the hypophysectomized rats exhibited a marked reduction 
in glycosuria which was greater than could be accounted for by the reduced food in- 
take, since a comparable reduction was not shown by the controls. The urinary 
nitrogen excretion^ of both experimental and control groups was reduced slightly 
and to a comparable degree, seemingly in proportion to the reduction in food intake. 

Adrenocorticotropic hormone was administered both to the hypophysectomized- 
diabetic rats and to their unhypophysectomized controls. In both groups and in all 
animals there was a striking and significant increase in glycosuria, reaching its peak 
on the last day of injection. The increase in glycosuria could not be accounted for 
b}”- an increase in food intake. In both groups there was a definite but not as strik- 

‘ Unpublished observations of fecal nitrogen content have shoim that it is not influenced by 
hypophysectomy nor by growth or adrenocorticotropic hormone administration. Thus, they are 
not reported in these experiments. 
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ing or consistent an increase in urinary nitrogen. Tluis, previous work regarding the 
diabetes-enhancing effect of crude adrenocorticotropic preparations (6) has been 
fully confirmed with the pure hormone. It increases both the glycosuria and urinary 
nitrogen excretion of diabetic rats. Adrenocorticotropic hormone may also be said 
to be diabetes-enhancing with respect to tlic ketonuria of diabetic animals (3), since 
under appropriate experimental conditions it is increased as well. In these e.xperi- 
ments as in tlie previous ones in whidi animals were maintained on the stock diet (i), 
the increased glucose in the urine could not have been derived from the additional 
protein broken down under the influence of the hormone. 

Growth hormone was administered only to the hypophysectomized-diabetic 
rats, not to their controls. In no case was there produced a significant increase in 
glycosuria. In fact, in three cases tlie glycosuria decreased. In ever}" case growth 
hormone produced nitrogen retention, with its effect apparently persisting for at 
least 24 hours after the cessation of its injection. Thus, in no sense can growth hor- 
mone be considered diabetes-enhancing with respect to its effect upon the protein 
metabolism of diabetic rats. It is doubtful if growth hormone can be considered 
diabetes-enhancing witli respect to its effect upon the glycosuria of diabetic rats since 
it was wiUiout effect in the present e.xperiment; it was witliout effect in diabetic rats 
maintained on a carbohydrate-free high-protein diet (3) and it only occasionally in- 
creased the glycosuria of rats on tlie stock diet (i). However, growth hormone may 
be said to be diabetes-enhancing with respect to the ketonuria of diabetic rats, since 
it increased the ketonuria of diabetic rats fed a carbohydrate-free high-protein diet 

(3). 


CONCLUSIONS 

Adrenocorticotropic hormone increases both tlie urinary glucose and nitrogen 
excretion of hypophysectomized-diabetic rats. Growtli liormone is witliout effect 
upon the urinar}’ glucose but reduces tlie urinary nitrogen excretion of hypophy- 
sectomized-diabetic rats. 
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EFFECT OF PARENTERAL ADMINISTRATION OF GLUCOSE 
AND PROTEIN HYDROLYSATE ON FOOD INTAKE 

IN THE RAT 


HENRY JANOWI.TZ akd I. GROSSMAN 
From the Department of Clinical Science, University of Illinois College of Medicine 

CmCAGO, ILUN’OIS 

O NE of the most remarkable adjustments which animals and men make is the 
regulation of food intake in accordance witli bodily needs. The fact that 
most animals sliow a high constancy in body weight, even when large 
variations in caloric expenditure occur, indicates that food intake is normally closely 
attuned to caloric need. 

An analysis of the factors concerned in this regulation is the study of hunger and 
appetite. 

The simplest form that this regulatory mechanism could take would be for each 
unit expenditure of energy to reflect itself in a unit drive to eat. The resultant intake 
of a unit quantity of food of unit potential energy would then balance the c.xisting 
caloric deficit and restore caloric equilibrium. Variation of c.xpenditure of cnerg>% 
and potential energy of available food stuffs, would be directly reflected in variation 
of intake of food. 

If such a regulatory mechanism were sensitive to relatively small caloric deficits, 
it would tend to restore these deficits from meal to meal, or from day to day, depending 
on the eating habits of the species involved. 

In this theoretical manner, caloric expenditure and food intake would be nicely 
balanced at a rapid rate with constancy of body weight. 

It would also follow that supplying the animal economy with units of potentially 
available energy in the form of parenteral administration of calorically valuable ma- 
terial would result in the rapid restoration of caloric equilibrium by the diminution 
of food intake by comparable units. 

The experiments reported in this paper were designed to test this hypothesis by 
noting the effects of intraperitoncal injection of glucose and protein hydrolysate 
mixtures upon the food intake of the rat. 

atETIIODS 

Ten male white rats grown in this laboratory ranging in weight from i8o to 300 gm. were housed 
in individual cages in a relatively constant temperature room, with free access to water at all times. 

The animals were divided into two groups of 5 rats each, according to their basal diet. The 
first group, series A, was maintained on a fluid diet containing 5 per cent glucose and 5 per cent 
protein hydrolysate (amigen). The fluid diet was given by the conventional drinking bottle. It 
supplied 0.35 cal/cc. A daily vitamin supplement in liquid form consisting of thiamine hydro- 
chloride 20 Mg, riboflavin 25 Mg, pyridoxine 20 Mg, calcium pantothenate 100 Mg and nicotinic acid 
100 Mg was fed by mouth. 

Received for publication July 26, 1948. 
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The second group of animals, series B, was maintained on an adequate commercial dry food 
(Purina, Chow) and supplemented by the vitamin mixture as above. The chow was supplied in a 
small glass jar placed within a deeper jar and thereby scattering was held to a minimum. This diet 
supplied 3.3 cal/gm. 

The 24-hour intake of food was measured daily at the same hour. The animals were weighed 
daily, and all gained weight during tlie period of observation. 

The solutions used for intraperitoneal injection were i) 0.5 per cent NaCl as a control, 2) 10 
per cent glucose in 0.3 per cent NaCl and 3) 5 per cent glucose-s per cent amigen mixture. On 
treatment days one of tliese solutions was injected two times during the day, 15 cc. each time, ex- 
cept in one animal where 20 cc. were injected eacli time. The order of administration of the solutions 
was randomized and a day of rest intervened between each day of treatment. Each test solution 
was used in each rat on three to seven test days. 

RESULTS 

Series A. Rats on Liquid Diet 

From the results summarized in table i it is readily apparent that some de- 
pression of food intake occurred in all treatment periods, including tliose in whicli 
saline alone was administered. The average reduction in food intake associated 
tvith saline injection was as large as that observed with the injection of foodstuffs. 
The range of decrement of caloric intake attending the injection of 30 cc. of 5 per 
cent glucose-5 per cent amigen (from 3.5 cal/day to 10.85 cal/day) and of 30 cc. of 
10 per cent glucose (from 1.05 cal/day to 10.2 cal/day) did not exceed that produced 
by 30 cc. of 0.5 per cent saline (from 3.15 cal/day to 16.7 cal/day). In only 2 rats 
did the average depression of food intake by both glucose and glucose-amigen mix- 
tures exceed that produced by saline. Further, only in rat Az did the average de- 
pression of calories ingested equal or exceed the caloric value of the injected material. 

Scries B. Rats on Stock Diet 

The results summarized in table 2 indicate that although some depression of 
average food intake occurred in most instances, this was not a constant finding. In 
one instance no depression took place and in 2 animals a slight increase in food intake 
was noted. In 4 animals depressions of average food intake were induced by saline 
as well as by tlie nutrient materials. The range of change induced by 30 cc. of 
5 per cent amigen-5 per cent glucose (from o to —8.6 cal/day) and by 30 cc. of 10 
per cent glucose in 0.3 per cent saline (from -}-o.3 cal/day to —7.3 cal/day) did not 
exceed the range of changes induced by 30 cc. of 0.5 per cent NaCl (from -I-3 cal/day 
to —1 1. 2 cal/day). 

In no animal did the depression of food intake by both glucose and glucose -f- 
amigen mixtures exceed that produced by saline. Furtlier, only in rat Bz did the 
depression of calories ingested equal or exceed the caloric value of the material in- 
jected. None of the variations in the degree of depression, produced by the various 
intraperitoneal injections, are of sufficient magnitude to be significant. 

DISCUSSIONS 

These experiments indicate that the depression of food ingestion induced in rats 
by the intraperitoneal injection of 10 per cent glucose and 5 per cent glucose -j- 5 per 
cent amigen mixtures is of the same order of magnitude as that induced by injection 
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of comparable volumes of saline, and that this decrement is not related to the caloric 
value of the materials injected. Within the periods of this e.xperiment administra- 
tion of from 17 to 25 per cent of the daily caloric requirement of the rat did not 
diminish food intake beyond that produced by an equal volume of non-caloric ma- 
terial. 

These findings are in keeping v/ith the failure of intravenous glucose to inhibit 


Taulf. I 


ArawAL 

NO. 

PHRIOD 

VOL. 

i.r. 

;:o, or 

DAYS 

CAL. C|\TS* 

I.r. 

■ 

VOL. or 

‘ DIIIT IN. 

1 OK^TT.D 
DAILY 

.WTRACn 
; c \L. I.V- 
; CLsrr.o 
i n^iLv 

cn.YN'cn 

1 FRoa 

; CONTROL 
! riTRIOD 

i 



cc . 



rr. 

: 

j Ca’/dey 

Ai 

Control 


24 


175 


I 


NaCl> 

30 

s 

0 

154 

1 53.9 

-7.4 


Amigen’ 

30 

, 

3 

10.5 

152 

i 53-2 

- 8.1 


10% glucose’ 

30 

5 

12 


! 51. t 

i 

— 10.2 

A. 

Control 


18 


171 

1 50. S5 



NaCl 

30 

4 

0 

12s 

1 43-75 

-16.7 


Amigen 

30 

4 

10.5 

161 

56.35 

-3.5 


10% glucose 

30 

5 

12 

145 

50-75 

-9.1 

A, 

Control 


17 


173 

Cd.S 5 



NaCl 

30 

6 

0 

156 

54.60 

~ 5-93 


Amigen 

30 

6 

10. s 

142 

49-70 

-10.S5 


10% glucose 

30 


12 

166 

S 8 .i 

2.45 

Ai 

Control 


15 


16S 

sS.So 



NaCl 

30 

4 

0 

137 

54-95 

-3-85 


Amigen 

30 

5 

10.5 

147 

51-45 

"‘ 7-35 


10% glucose 

30 

5 

12 

150 

52-5 

-6.30 

Ai 

Control 


21 


173 

60.55 



NaCl 

30 

4 

0 

164 

57.40 

-3-15 


Amigen 

30 

3 

10.5 

154 

53-90 

— 6.60 


10% glucose 

30 

3 

12 

170 

59-50 

-1.05 


‘0,5% NaCl. *5% gluco3c-5% protein hydrolysate (amigen). ^10% glucose in 0.3% 
NaCl. 


food intake in the dog (i), and with the previously reported failure of intravenousl}’’ 
administered fat emulsions in the dog (2), and certain amino acid mixtures in man 
(3) to inhibit food intake in short-term experiments. Tliis interpretation is at vari- 
ance with that recently reported bj’- Adolph (4). This observ’^er noted that injected 
nutrients reduced the voluntarj^ intake of food by mouth in the rat and concluded 
that “Plethora inhibits eating . . even when the alimentary tract has not been con- 
cerned in the creation of the plethora”. However it should be noted that the effects 
of injection of non-caloric material were not studied and detailed protocols were 
not furnished. 
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The results detailed in this study do not support the hypothesis of a simple regu- 
latory mechanism outlined in the introduction above, in which variation of caloric 
requirement would be easily and rapidly balanced by variation in food intake, from 
meal to meal, or from day to da3% 

Caloric requirements, decreased by the parenteral administration of calorically 


Table 2 


AKUIAL KO. 

PERIOD 

VOL. GIVEN* 

I.P. 

N’O, OP DAYS 

CAL. GI\TN’ 

I.P. 

A\XRAGE 
CAL. EATEN* 
DAILY 

OIAN'GE PE Oil 
CON*XROL 
PERIOD 



CC, 




Cal/day 

Bi 

I Control 


2S 


61.7 



NaCP 

30 

7 

0 

53-4 

-S .3 


Amigen- 

30 

7 

10.5 

53-1 

-8.6 


10% glucose^ 

1 

30 

7 

12 

54-8 

-6.9 

Bi 

Control 


21 


CO 



NaCl 

40 

4 

0 

49-5 

-28.7 


Amigen 

40 

4 

14 

53-4 

— 24.8 


10% glucose 

40 

4 

16 

51.8 

— 26.4 

Bz 

Control 


27 


45-5 



NaCl 

30 

5 

0 

34.3 

— ir.2 


Amigen 

30 

5 

10. 5 

40,2 

-5.3 


10% glucose 

30 

5 

12 

38.2 

- 7-3 

Bi 

Control 


25 


49.8 



NaCl 

30 

6 

0 

52.8 

+3 


Amigen 

30 

7 

10-5 

49. 8 

0 


10% glucose 

30 

7 

12 

49.2 

— 1.6 

Bs 

Control 


22 


51.2 



NaCl 

30 

6 

0 

43-3 

-7.9 


Amigen 

30 

6 

10. 5 

47.2 

-4.0 


10% glucose 

30 

6 

1 12 

Si-S 

-fo .3 


10.5% NaCl. - 5 % glucose-s% protein hj'drolj^sate (amigen). ’10% glucose in 0.3% 
NaCl. 


valuable material, were not balanced by corresponding decrement of food intake as 
measured from day to day. 

The regulatory mechanism would seem either not to be sensitive to variations of 
caloric requirement within this range (up to 25%), or else to respond to these varia- 
tions at a mucli slower rate than that presupposed by an}'- day to day, or meal to 
meal readjustment. In view of the precision which normally occurs in adjustment of 
food intake to energy expenditure, and the high constancy of body weight, it appears 
most likely that such adjustments are not made from meal to meal, or from day to 
day, but require longer periods of time than those available to the animal in this set of 
experiments. 
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and conclusions 

The intraperitoneal administration of glucose and protein liydrolysate mixtures 
to the rat in calorically significant amounts did not produce an equivalent depression 
of food intake. The depression which did occur was not greater than that produced 
by saline injections. The normal regulatory mechanisms responsible for the precise 
adjustment of food intake to caloric requirement are not operative during the short 
period of these experiments. 
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A DIETARY FACTOR REGULATING THE ENZYME CONTENT 
OF THE PANCREAS: CHANGES INDUCED IN SIZE AND 
PROTEOLYTIC ACTIVITY OF THE CHICK PANCREAS BY 
THE INGESTION OF RAW SOY-BEAN MEALi 

S. S. CHERNICK, S. LEPKOVSKY and I. L. CHAIKOFF 

Fmn the Division of Physiology of the Medical School and the Division of Poultry Husbandry 
of the College of Agriculture, University of California 

BEM:ELEY, CALIFORNIA 

I T IS shown in the present communication that the feeding of raw soy-bean meal 
induces profound changes in the chick pancreas not only in its size but also in 
its trypsin content. This finding is of particular interest, for the failure of raw 
soy-bean meal to support maximal growth has been ascribed to a trypsin inhibitor 
(i), which has been isolated from the bean in crystalline form (2). Concentrates of 
this inhibitor retard growth even when added to diets containing nutritionally ade- 
' quate animal proteins (1,3). On the basis of the findings presented here it is postu- 
lated that the acinar tissue of the pancreas is stimulated to increased activity by the 
presence of dietary proteolytic inhibitors in the intestinal tract. 

EXPERniENTAX 

Treatment of Animals 

The ^Vhite Leghorn chicks used in each experiment were obtained from a single 
hatch. They were kept in electrically heated battery-brooders. For the first week 
after hatching they were fed a ‘starter’ ration^; thereafter groups of these chicks 
whose weights were in close agreement were fed soy-bean diets. Raw or heated soy- 
bean meal served as the source of protein in these diets. The beans were ground in a 
corn mill at room temperature. The cooked soy beans were prepared by heating the 
ground beans in an autoclave at one-pound pressure for 45 minutes. The raw and 
cooked soy-bean diets used in each experiment were prepared from a single batch of 
beans. Since the batches of soy beans varied somewhat in their protein contents, 
the desired protein composition of each diet was obtained by varying the proportions 
of soy-bean meal and cerelose. A typical example of the composition of the diets 
used in this investigation is recorded in table i. 

Chicks were sacrificed by dislocation of the cervical vertebra. Their entire 


Received for publication July 26, 1948. 

^This paper reports research undertaken in cooperation with the Quartermaster Food and 
Container Institute for the Armed Forces. The views and conclusions contained in this report are 
those of the authors. They are not to be construed as necessarily reflecting the views or endorsement 
of the Department of the Army. 

2 The starter ration had the following composition: corn, 300 parts; wheat, 135; barley, 100; 
alfalfa meal, 40; wheat bran, 150; sardine meal, 75; soy-bean meal, 100; dried whey, 25; dried skim 
milk, 25; liver meal, 20; oyster shell, 15; bone meal, 12; salt, 5; manganese sulfate, 0.5; Sardilene (a 
fish oil containing 400 units of Vitamin D and 3000 units of Vitamin A per cc.), 2.5 parts. To each 
1000 lbs. of the above mixture, one gram of ribofla^n was added. 
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pancreas were rapidly removed, freed of extraneous tissue, immediately chilled, and 
weighed. Various other organs w'crc also excised and weighed. 

The chilled pancreases were transferred to a tube (kept cold by immersion in an 
ice-salt bath) and homogenized with a few cc, of ice-cold distilled v/ater. The 
homogenate w'as then diluted with distilled water to yield a concentration of about 
20 mg. of tissue per cc. Unless analy.scs of the homogenate were carried out im- 
mediately, it was stored at — i5°C. Xo conversion of trypsinogen to trypsin oc- 
curred under these conditions, since proteolytic activity of homogenates was found 
to be negligible in the absence of added enterokinase. 

Dclcrminalion of Proteolytic Activity of Pancreas 11 omogemtes 

As stated above, pancreas homogenates do not digest proteins in the absence of 
enterokinase. For example, when as much as 5 mg. of chick pancreas was added to 
denatured hemoglobin substrate (sec below*), no detectable proteolysis occurred. 
After incubation with enterokinase, however, as little as 0.05 mg. of pancreas di- 
gested measurable quantities of hemoglobin. The increase in the proteolytic power 


TAIlLr. I. COiirOSITION of TYFICAI. diets (r„Kpr,ElMENT 3) 


DIETS 

SOY BEAX 
lEEAD 

CERELOSn 

i 

j VEAST 

i 

j MTAJO-V-SALT 

1 semevE-sT' 


Cl 

c* i 




fO 




10% protein 

24.9 

65. S5 

; 5 ! 


25% protein 

62.3 

28.45 

1 5 1 



^This supplement had the following composition: Sardilcnc (a fish oil containing 400 units ol 
vitamin D and 3000 units of vitamin A per cc.) 6%, CaCO’ 24%, Ca’(PO«): 47%, salt mi-vture 23%, 
riboflavin 0.2 mg. per 100 gm. of mixture. 


of the homogenate is due to conversion of the proenzymes (tiypsinogen and chymo- 
trypsmogen) to active proteinases (trjqisin and chjTnotr^qisin). The conditions 
which favor this conversion have been extensively studied by Kunitz (4). On die 
basis of his findings preliminary experiments w*ere performed to determine the optimal 
conditions for activation of the proteolytic activity of pancreas homogenates. Such 
factors as temperature, />h, concentration of enterokinase, concentration of pancreas, 
and period of incubation were studied. The following method w*as then developed 
for determination of proteolytic activity of the pancreas homogenates. 

Activation of Pancreatic Proteinoses by Enterokinase. Purified enterokinase was 
prepared from the duodenal mucosa of dogs by the method of Kunitz (4). The ma- 
terial derived from one gm. of mucosa was dissolved in one cc. of a 0.02M phosphate 
buffer (^H 7.6). This solution was stored at —15° and was used throughout the 
experiments reported here. 

Before use the temperature of the enterokinase solution was raised to 0° and an 
aliquot of it diluted 1:50 with cold 0.02M phosphate buffer (pH 5.8). The pancreas 
homogenates were also diluted with this same buffer so that each cc. contained about 
2 mg. of pancreas. Five cc. of the diluted enterokinase solution, 2 to 5 cc. of the 
diluted pancreas suspension and sufficient 0.02M phosphate buffer (pH 5.8) to make 
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a total volume of 15 cc, \\’ere transferred to each of several glass-stoppered Erlen- 
meyer flasks. The flasks were then placed in a constant temperature bath at 37.s°C. 
and shaken for 15 minutes. Periods of activation longer than 15 to 30 minutes were 
found to result in a gradual decline of the proteolytic activity of the mixture. 

Immediately following its activation, the pancreas suspension was made up to a 
volume of either 25 or 50 cc. by the addition of cold 0.02M phosphate buffer (^h 
7.6) and rapidly chilled to 0°. The suspension w-as kept at 0° until samples were 
taken for determination of its proteol3'tic activity (less than i hr. later). In some 
cases several aliquots w'ere diluted with the pn 7.6 buffer to provide a range of pro- 
teolytic activities. As a rule, tlie samples of activated solution used for the deter- 
mination of proteolytic activity contained o.i to 0.5 mg. of pancreas, the amount 
varying, of course, with the concentration of protein ases. 

Measurement of Proteolysis. Anson’s method (5) w’as employed for the de- 
termination of the proteolytic activity of tlie activated pancreas solutions. It in- 
volves tlie hydrolysis of denatured hemoglobin (prepared from beef corpuscles) and 
the measurement of its split products (largely peptides) which are soluble in tri- 
chloracetic acid. The substrate solution contained about 2 per cent of the denatured 
hemoglobin in phosphate buffer (pH 7.6). One-cc. aliquots of the activated pancreas 
solution and 5 cc. of hemoglobin solution were incubated for 10 minutes at 37.5°. 
The reaction w’as terminated by the addition of 10 cc. of 0.3 n trichloracetic acid. 
The filtrate obtained w^as alkalinized and treated with the phenol reagent (5), the 
color was allow'ed to develop for 5 to 10 minutes and measured by a photoelectric 
colorimeter. A red filter (Klett-Summerson No. 66) was used. The color values for 
the substrate-pancreas mixtures at zero time were determined by adding enzyme 
solution to a mixture of the substrate and trichloracetic acid. 

Control determinations W'ere performed to ascertain the color products resulting 
from autolysis of pancreas, digestion of hemoglobin by enterokinase alone, and non- 
enzymatic breakdo^vn of hemoglobin. These corrections w'ere very small and conse- 
quently were ignored without introducing an error greater than 5 per cent. 

The unit of proteolytic activity is defined by Anson as "The amount which 
digests hemoglobin under the standard conditions at an initial rate such that there is 
liberated per minute an amount of split products not precipitated by trichloracetic 
acid which gives the same color with the phenol reagent as one milliequivalent of 
tyrosine”. The color values of standard tyrosine solutions w^ere determined and 
compared with the values obtained by proteolysis. The trypsin units per gm. 
pancreas were then calculated. Trypsin units as used in this study imply measure- 
ment of proteolytic activity at 7.6. No attempt was made to distinguish be- 
tween the proteolytic activities of trypsin and chymotrypsin. 

The nitrogen content of the pancreases was determined by the semi-micro Kjel- 
dahl method. 


RESULTS 

Body and Organ Weights 

Body and Pancreas Weights of Chicks Fed Raw and Cooked Soy-Bean Protein 
Diels, In experiment i all birds were killed at three weeks of age, and during the 
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last two weeks they were fed diets containing 10 to 25 per cent raw or autoclaved soy- 
bean protein (table 2), A comparison of the weights of birds fed the four levels of 
soy-bean protein brings out again the effect of heating on the biological value of this 
protein. This is particularly evident at the higher levels of intake. Thus, in cx~ 
pcrivicnl 1, the birds fed a diet containing 20 per cent raw soy-bean protein weighed 


Table 2. Influence of sov bean diets on the size and enzyme content of the fancreas 


EXP. 

NO. OF 
cmcKS 
USED 

PERIOD 
OK DIET* 

1 1 

] 

aiicK 

V,T.» 

PBOTEIK 
COKTE.VT 
OP DIET 

cosTHTior; op sov 

PEAK ICr.AL 

i 

1 : 

Total 1 
wet wt. 

PAKC 

Per cent 
of body 
wt. 

peas- 

* Proteolytic 

1 activity’ 

Per ftm. 

fresh 
pi nereis 

Per gm. 
pancreas 

1 nitre-sen 



dayi 

cm. 

% 

1 1 

1 i 



units' 

i units' 


1 4 

14 

70 

10 

i Raw 

0-47 

0.63 

1 0.07 

1 S-t 


' 4 

14 

80 

10 

Cooked® 

0.33 

0.42 

1 0.07 

! 2-3 


3 

1 14 

65 

15 

! Raw 

0.33 i 

1 °- 5 S ■ 

1 0.23 

1 8.6 

i' 

4 

14 

145 

15 

i Cooked 

0.61 ! 

i 0.42 I 

o.is 

5*5 


4 

14 

81 

20 

Raw 

0-54 I 

0.65 1 

0.20 

7.0 


4 

14 i 

149 

20 

Cooked 

0.65 

0.43 

0.13 

5.0 


4 

14 

106 ' 

25 

Raw 

1 .02 

0-95 i 

I 0.29 1 

10.3 


4 

^4 

167 

25 

Cooked 

0.75 

0,44 j 

: 0.27 1 

8.6 


3 

23 

91 1 

10 

Raw 

I 0.66 

0,74 

0.25 

10. 1 


5 

23 

II5 i 

10 

Cooked 

1 0.55 

1 0.4S 

0.21 

7-4 

2« 

5 

23 

I16 

18 

Raw 

0.80 

j 0.66 

0.26 

9-3 


.. 

0 

23 

176 

18 

Cooked 


0.44 

0. 19 

6.7 


5 

23 

158 

26 

Raw 


i 0.88 

0.46 

14.5 


5 

23 

265 

26 

Cooked 

BBI 

0.42 

0.23 

7-9 


10 

23 

56 

10 

Raw 

0.46 

0.82 

0. II 

' 4.8 

3 * 

10 

23 

92 

10 

Cooked 

0.51 

0.56 

0.07 

2.7 


10 

23 

116 

25 

Raw 

1.21 

1.04 

0.38 

II. 7 


10 

23 

190 

25 

Cooked 

0.89 

0.47 

o.iS 

6.1 


^ For the first week after hatching the chicks were fed a ‘starter' ration; thereafter, they re- 
ceived the experimental diet. The chicks in exp. i were 21 days old when killed; those in exp. 2 
and 5 were 30 days old when killed. 

- Each value is the average of 3-10 closely agreeing results obtained from as many birds. 

^ A measure of both trypsin and chymotrj^psin activity (see text) . 

^ Trypsin units as defined by Anson (5) . Sec text. 

^ Autoclaved at i lb. steam pressure for 43 min. 

® These are the same experiments as those recorded in table 4. 

81 gm. (average), whereas those that received the diet containing the same percentage 
of autoclaved protein weighed 149 gm. (average). The weight difference was equally 
striking in birds fed diets containing 26 per cent protein {experiment 2). 

In chicks fed the autoclaved soy-bean diet, the amount of pancreas tissue per 
100 gm. body weight remained quite constant. Thus in birds whose average weights 
varied from 80 to 167 gm. {experiment i) the average pancreas values were 0.42, 
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0.42, 0.45, and 0.44 for the four groups that received respectively 10, 15, 20, and ; 
per cent protein diets. The birds fed the same levels of protein derived from ra 
soy-beans weighed 6$ to 106 gm. (averages) at three weeks of age; the averaj 
weights of their pancreases were respectively 0.63, 0.55, 0.65, and 0.95 gm. per ic 
gm. body weight. 

In experiments 2 and j the birds were sacrificed at 30 days of age. The resul 
obtained in these two experiments (table 2) show again that birds fed diets containii 
raw soy-beans as the sole source of protein have larger pancreases than those fi 
the autoclaved soy-diets. 

In table 3 are recorded pancreas weights for birds fed a normal diet, namely tl 
U.C. stock ration®. The average values did not exceed 0.56 per cent of their bod 
weights. Latimer (6) also found that pancreases in chicks weighing between 50 at 
250 gm. and fed a normal mixed diet amounted to about 0.5 per cent of their bod 


TAB1.E 3. Organ \raiGHTS and proteolytic actiwty of the pancreas of chicks fed 

THE U.C. STOCK RATION' (EACH VALUE IS THE AVERAGE OF 5-8 CLOSELY AGREEING 
RESULTS OBTAINED FROM AS MANY BIRDS) 


KO. or CHICKS 
USED 

CHICK ^^*T. 

CmCK AGE 

ORGAN WT. AS PERCENTAGE OF BODY WT. 

TRYPTIC ACTIV 
ity/gm. 
PANCREAS 

nitrogen 

Pancreas 

Liver 

Heart 


gm. 

days 




Knf/r* 

8 

166 

28 

0.52 



8.9 

8 

202 

30 

0.56 

3-2 

0.68 

8.4 

8 

223 

30 

0.51 




S 

220 

30 

0.47 

2.7 


7 -S 


'The diet had the following composition: corn, 300 parts; wheat, 135; barley, 100; alfall 
meal, 40; wheat bran, 150; sardine meal, 75; soy bean meal, 100; dried whey, 25; dried skim mill 
25; liver meal, 20; oyster shell, 15; bone meal, 12; salt, 5; manganese sulfate, 0.5; fish oil, 2.5. Rib( 
flavin was added to the extent of i gm/ 1000 lbs. of diet. 

* Trypsin units determined by the method of Anson (5). 

weights. In view of these observations, it seems reasonable to conclude that hypei 
trophy of the pancreas had occurred in the birds fed tlie raw soy-bean meal. 

Liver and Heart Weights of Birds Fed Raw and Autoclaved Soy-Bean Dieh 
That the increase in size of the pancreas in chicks fed a raw soy-bean diet is spt 
cific for only this organ is brought out in figures i, 2, and 3. In these, orga: 
weights were plotted against body weights. The data were obtained from expert 
ments 2 and 3. In experiment 3, for example, the weights of the fivers and hearts c 
chicks fed raw soy did not vary consistently from those fed autocalved soy. Nor i 
experiment' 2 was there a consistent difference in the fiver weights between th 
chicks fed raw and those fed autoclaved soy. 

Effect of Supplemental Methionine on Pancreas Size and Body Weight of Chich 
Since methionine corrects to a large extent the deficiencies induced by a raw soy-beai 
diet (7), the effect of supplementing the raw soy-bean diets with this amino aci( 
upon pancreas size was investigated. The results are recorded in table 4. 


® Its composition is described in table 3. 
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The addition of 0.5 per cent methionine to the rau< soy-bean diets, even when the 
protein contents of the diets were as high as 25 to 26 per cent, resulted in marked 
stimulation in the growtlr of the chicks. Thus 30-day old chicks fed the raw soy-bean 
diet containing 26 per cent protein for three weeks had an average weight of 158 gm. 
{cxperimcnl 2); those fed the same diet plus 0.5 per cent methionine weighed 267 gm, 
(average). 


Table 4, Effect of scpplemf.ktal METinoNiKE ok the str.r, akd r.K7.VME coktf.kt of 

THE PAKCP.EAS OF CHICKS FED SOV BEAK DIETS 









TA::ctr.xs’ 

SOV BEAK 
UEAL 

EXP.* 

Ko. or 
CITICES 
USED 

rr.RioD 

OK OfET* 


raoTTiK 
COKTEJCT 
OT DIET 

irr.Titio- 

KIKE 

ADDED 

Total 

Per cent 
of bo<I}‘ 
wt. 

Proteolytic 

activity! 




m 


wet v.'t. 

. 

Per jrm. 

fresh 

tvincrc.n 

Per gm. 
P'xncTtii 
r.ilrogcn 


■i 


day: 

tfri. 

Vc 

Vr 

fr .. 

Krn, 

uaiU* 

ur.il:* 


B 

4 

14 

106 

=s 

None 

1 .02 

0.93 

0.29 

10.3 



4 

14 

146 

25 

Oo 

1.49 

1-03 

0.37 

10.9 

Raw 

2 

5 

23 

15S 

26 

None 

I. 41 

0.8S 

0-46 

14-5 



5 

23 

267 

26 

0.5 

2-33 

0.87 

0,34 

ro,4 


3 

10 

23 

116 

25 

None 

1. 21 

1.04 

0.38 

11,7 



10 

23 

163 

25 

0.5 

1-77 

1.03 

0.46 

I 3 -I 


I 

4 

14 

167 

25 

None 

0-75 

0.44 

0.27 

8.6 



4 

14 

^75 

25 

0-3 

0.70 

0.40 

0-15 

4.8 

Cookcd‘ 

2 

5 

23 

26s 

26 

None 

I. II 

0.42 

0.23 

7-9 



5 

23 

I 258 

26 

0-5 

1.02 

0-39 

0 . iS 

5 -S 


3 

10 

23 

: 290 

25 

hjone 

0.89 

0.47 

0.18 

6.1 



10 

23 

206 

I 


0-5 

0-95 

0.46 

0.22 

7-1 


1 For the first week after hatching chicks were fed a ‘starter’ ration, thereafter they recei%-ed 
the experimental diets recorded in table i, 

* Each value is the average of -10 closely agreeing results obtained from as many birds. 

* A measure of both trypsin and chymotrj'psin activity (see text). 

* Trypsin units as defined by Anson (5) . 

' Autoclaved at 1 lb. steam pressure for 43 min. 

“ These are the same experiments as those recorded in table 2. 

The increase in body weight produced by supplementing the raw soy-bean diet 
with 0.5 per cent methionine tvas accompanied by an increase in pancreas size, but 
the ratio of pancreas weight to body weight tvas iioi changed; in both groups of birds 
the pancreas weights amounted to 0.9 to i.o per cent of their body weights. 

The addition of methionine to diets containing 25 or 26 per cent autoclaved 
soy-bean protein as the source of protein failed to increase the body weights of the 
chicks. The pancreas weights of the birds fed these same levels of autoclaved soy 
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protein with or without supplemental methionine did not exceed 0.5 per cent of their 
body weights. 


Proteolytic Activity of Pancreas 

Proteolytic Activity of Pancreases of Chicks Fed Raw and Autoclaved Soy Beans. 
Values for proteolytic activity of the pancreas as determined by the procedure of 



CHICK WEIGHTS GRAMS 

Fig. I. Pancreas weights or chicks fed raw and autoclaved soy-bean diets. The data were 
obtained from experiments 2 and j. 

Anson are recorded in table 2. As already pointed out, this method measures com- 
bined tryptic and ch)miotryptic proteolysis. The tryptic content expressed as either 
per gm. of fresh pancreas or per gm. of nitrogen was greater in birds fed raw than in 
those fed autoclaved soy-bean meal. Thus the pancreases of the chicks of experimeiit 
j, which were fed a raw soy-bean diet providing 25 per cent protein, contained 11.7 
trypsin units per gm. of nitrogen (average value), whereas those fed a diet with the 
same level of autoclaved soy-bean protein contained an average of 6.1 units per gm. 
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nitrogen. The differences in the proteolytic contents of the pancreases hetv.’cen 
birds fed raw and those fed autoclaved soy-bean diets v.’cre equally striking when the 
results W'cre compared in terms of the whole gland or per kiio of body weight. 

Eifect of Supplementing Soy-Bean Diets with Methionine upon Proteolytic Aclhity 
of Chick Pancreas. Although supplemental methionine increased the weights of 
cliicks fed raw soy beans at the 25 per cent protein level, table 4 shows that it did not 
change the concentration of proteolytic enzymes in the pancreas. 



CHICK WEIGHTS GRAMS 



_ Fig. 2 (ic/t). Liver ViXights of chicks fed raw and autoclaved soy-bean diets. The data were 
obtained from experiments 2 and 3. 

Fig. 3 {right). Heart tvxights of chicks fed raw and autoclaved soy-bean diets. The data 
were obtained from experiment 3. 


The addition of 0.5 per cent methionine to the cooked soy-bean diet influenced 
neither the size nor the proteolytic activity of the chick pancreas. 

DISCXTSSION 

The amount of pancreas in chicks fed a normal diet or a diet containing auto- 
claved soy beans seldom exceeded 0.5 per cent of their body weights. The values 
found in birds fed raw soy-bean diets, however, were frequently greater than one per 
cent. The pancreas responded to the raw' soy bean not only in size but in enzyme 
concentration as well. The concentrations of tryptic acti\dty per gm. of fresh pan- 
creas or per gm. of pancreas nitrogen were greater in chicks fed the raw' meal than in 
those fed the autoclaved meal. This is particularly evident at the higher levels of 
protein intake, namely 25 to 26 per cent. Supplemental methionine, which at a 
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high level of protein intake improved the weights of chicks fed the raw soy-bean meal, 
failed to prevent the pancreas hypertrophy or the increased concentration of pro- 
teolytic enzymes in this gland. 

The presence in raw soy-beans of a proteolytic-inhibiting substance was first 
demonstrated by Bowman (8) and subsequently confirmed by Ham el al. (9). Re- 
cently Kunitz (2) has isolated from this bean a heat-labile crystaUine protein which 
can combine with an equal weight of crystalline trypsin to form a stable compound 
having no proteolytic activity. The tr3rpsin-inhibiting action of the soy protein is 
decreased by proper heat-treatment. It is therefore proposed as a working hy- 
pothesis that the increase in size and tryptic content of the pancreas observed here in 
the birds fed the raw soy bean results from stimulation of the acinar tissue of this 
gland by either the inhibitor per se or by a product of incompletely digested protein. 
The recent affirmation by Thomas (10) and Ramsay (ii) that the presence of peptones 
in the intestinal tract increases the secretion of the acinar tissue of the pancreas 
lends support to this hypothesis. 


SUMMARY 

The prolonged feeding of raw soy-bean meal induced in chicks an enlargement of 
the pancreas and an increase in its proteolytic content. Methionine corrected the 
growth defect observed in the bird fed a raw soy-bean diet, but failed to prevent the 
hypertrophy of the pancreas or the increase in its activity. A possible explanation of 
the pancreas hypertrophy is offered. 
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EFFECT OF PARATm^ROID ON RENAL TUBULAR 
REABSORPTION OF PHOSPHATE AND CALCIUAD 

IFTAKHAR JAHAN* akd ROBERT F. PUTS 
From the Department of Physiology, Syracuse University, College of Medicine 

SYTIACUSE, KEW YORK 

T he mechanism of action of parath)n:oid hormone has been the subject of 
considerable controversy. One of the two main schools of thought holds 
that it primarily affects the metabolism of phosphorus, the other, that it 
primarily affects the metabolism of calcium. 

Albright (i) has proposed the thcor>’ that tlic hormone, by increasing the urinary loss of phos- 
phate, leads to hypophosphatemia. Because of the reduction in phosphate level, the serum liccomcs 
unsaturated Viith respect to calcium phosphate and, as a consequence, calcium enters the scrum from 
the gastro-intestinal tract and from the bones in increased quantities. Hypercalcemia and hiTicr- 
calcuria result. Ellsworth (2) maintains that the hj-perphosphaturia which follows paratliyroid 
hormone is caused by a lowering of the renal threshold for phosphorus. These investigators as well 
as others (3-7) have presented clinical as well as experimental cwdence in favor of llic x-iew tint .all, 
or at least a major part, of the action of the hormone is exerted through its ciTcct upon the renal rcab- 
sorption of phosphate. 

In contrast Selye (S) believes that the hormone acts primarily by sUmulating the formaU'on 
and activity of tin osteoclasts of bone, with the result that calcium and phosphorus arc mobilized 
in increased quantities from skeletal stores. Increased mobilization and elevated scrum levels 
account for the increased excretion of both ions. Later Collip et at. (9), in a study of the bones of 
nephrectomized rats that had been injected wiUi parathormone, concluded that the action of the 
hormone on the bones is independent of any direct influence it may have on the renal threshold for 
phosphorus. 

For a better understanding of the overall action of parathyroid hormone, an e.xact definition 
of its effect on the renal tubular reabsorption of phosphate is essential. So far the findings of the 
various groups that have studied the problem directly have been contradictory-. Harrison and 
Harrison (10) studied reabsorption over a very’ narrow range of plasma phosphate concentration and 
concluded that the hormone depresses phosphate rcabsorption. Marion Fay and her associates (11) 
who studied phosphate/creatinine clearance ratios over a wide range of plasma concentration in 
normal, parathyroid treated, and parathyroidectomized dogs inferred that a lack or an excess of the 
hormone produced no demonstrable effect upon the capacity of the kidney to excrete, and hence 
presumably to reabsorb, phosphate. 

We felt that the problem merited a thorough investigation; particularly did we 
feel that the renal tubular reabsorption of inorganic phosphate, in normal and para- 
thyroid treated animals should be studied over a wdde range of plasma phosphate 
concentration and under rigidly controlled conditions of parathyroid activity. The 
experiments reported below were designed to study this problem. 
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METHODS 

Twelve experiments were performed to assess the effect of parathyroid hormone 
on the renal tubular reabsorption of inorganic phosphate: 6 with and 6 without the 
hormone, the latter serving as controls. Eight additional experiments were per- 
formed to study the effect of the hormone on calcium reabsorption. All experiments 
were performed on 2 female mongrel dogs loosely restrained on a comfortable animal 
board. Preliminary observations were made to find a means of administering the 
hormone which would ensure a significant increase in serum calcium concentration, 
stable for the duration of the experiment, and yet exert no gross effect on renal func- 
tion .3 The following technique of Collip (12) was found to be most advantageous. 
Parathyroid extract (Lilly)^ was given subcutaneously in 2 injections of 3 ml. (U.S.P. 
300 u) separated by an interval of 6 hours, starting about 20 hours before the experi- 
ment. With this regimen a high and uniform serum-calcium level was obtained at 
the time the experiment was performed, a level which averaged 13 to 14 mg. per cent, 
the normal being 8 to 10 mg. per cent. Accordingly the hormone was injected at 12 
noon and at 6 p.m. and on tlie following morning the experiment was performed. 

The animals were maintained on a diet of dog biscuits supplemented with meat 
twice a week. Water, in amounts of 50 ml/kilo body weight, was administered by 
stomach tube about an hour before the experiment to ensure adequate hydration of 
the animal. Urines were collected by an indwelUng catheter and the bladder was 
washed with distilled water at the end of each urine collection period. All periods 
were 10 minutes in length. Two samples of blood, one with and the other without 
oxalate, were drawn from the jugular vein at the mid-point of each urine collection 
period. Plasma was used for the analysis of creatinine and phosphate, and serum 
for calcium, A continuous infusion was administered by the saphenous vein at a 
rate of 5 ml/min. In the first 12 experiments the infusions contained sodium phos- 
phate (pH 7.4) in quantities sufficient to raise the plasma level in stepwise fashion 
from a normal value to i mM to 5 mM/1., creatinine for the measurement of glomerular 
filtration rate, and distilled water or 0.9 per cent sodium chloride to render the so- 
lution roughly isotonic. In the second group of experiments phosphate was omitted 
from the infusions. 

Creatinine was determined on iron filtrates of plasma and diluted urine by the 
method of Folin and Wu (13). Phosphate was determined on trichloracetic acid 
filtrates of plasma and diluted urine by the method of Fiske and Subbarow (14) as 
modified by Pitts (15). Calcium was determined on trichloracetic acid filtrates of 
serum and evaporated urine by the method of Kramer and Tisdall (16) as modified 
by Stanford (17), after precipitating the calcium oxalate overnight. All colorimetric 
analyses were carried out with an Evelyn photoelectric colorimeter, 

EESULTS 

The amount of phosphate reabsorbed by the renal tubules in one minute has 
been calculated as the difference between the quantity filtered through the glomeruli 

® Large doses of parathormone administered repeatedly reduce glomerular filtration rate and 
may cause the formation of multiple infarcts in the kidneys. 

‘ We are indebted to Eli Lilly and Co. for a generous supply of the hormone. 
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and the quantity excreted in tlie urine. The quantity hllcrcd was determined as the 
product of the glomerular filtration rate in ml/min. and the plasma concentration of 
phosphate in mM/ml. The quantity excreted was determined as the product of the 
urine flow in ml/min. and the urinary concentration of phosphate in mJi/ml. 

The data obtained in 2 typical c.\'pcrimcnts on one dog, the first a control, and 
the second following parathormone, are illustrated in table 1 . The first 2 horizontal 
rows of figures in each experiment arc data obtained prior to the infusion of phos- 
phate, the remaining 6 rows arc data obtained during the infusion of phosphate. 

Table 1. Experiments illustrating REL.\TiONsnip betiveen QrANTiTir^ of inorganic phos 

PIIATE FILTERED THROUGH THE GLOMERULI AND QUANTITIES REABSORBED BY TUBULES AND 
EXCRETED IN THE URINE IN A NORMAL DOC .AND IN THE .SAME ANIMAL FOLLOWING ADMINIS- 
TRATION OF P.\RATHORMONE. Dog P- 


! 

URINE IXOW ' 

\ 

ctoif. riLT. i 
EATK 


riiosmATE 

i 

] 

{ 

CMCIVU 

1 

j Plasma 

1 Filtered 

j Exacted 

/ 

i Reabsorbed S 

Serum 

i Excreted 

ccimin. 

ccimin. \ 

mM/l. 

[ mi! /min. 

1 m't/min. 

: mH/min. j 

ms.Vc 

i me/min. 


Control 


2-7 

52.8 1 

1-05 ! 

0-055 

j 0.002 

0.053 

9.6 

! 0.007 

3-45 

50. g j 

1 .01 

0.051 

0.002 

0.049 

9.6 

0.007 

3-1 

S 8.6 

I- 3 I 

0.077 

O.OII 

0.066 

9.6 

0 

o' 

4.3 

59-9 

I- 5 I 

0.091 

0.020 

0.071 

9-3 

0.071 

S -7 

63-4 

2.36 

0.150 

0.070 

o.oSo 

8.7 

0.149 

5-7 

<'> 3-9 

2-74 i 

0.175 

0.093 

0.0S2 

8.7 

0. 161 

4.4 

62.4 1 

4- 55 

0.284 

0.194 

0.000 i 

8.7 J 

0. iSo 

4.2s 

1 64.1 ! 

5*25 

0.336 

1 0.245 

0.091 

8.0 

0.197 




lFt 7 /i parathormone 




7 - 5 <j 

69.7 

0.93 ] 

0.065 

0.009 

0.056 

[ 14. 1 

[ 0.29s 

8.5 

71.5 

0-93 1 

0.067 

0.008 

0.059 

14. 1 

! 0.34S 

7-35 i 

73-5 

1.40 j 

0.103 

0.026 

0.077 

13-9 

0.478 

7 - 3 S 

73-5 

1.58 1 

0.116 

0.038 1 

J 0.078 

13.6 

0.529 

4 - 7 S 

78.2 

2 . 6 i 

0.204 

0.096 

o.ioS 

13-1 

i 0.551 

4.65 

76.3 

2.80 ! 

0 . 214 

O.II 9 

0.093 

12.3 

0.535 

6.8 

74.3 

4.83 

0.357 

0.262 

0.095 

II . 0 

0.517 

6.25 

77-7 

5 -48 

0.426 

0.323 j 

0.103 

II. 7 

0.531 


Plasma phosphate concentration was elevated in stepwise fashion from a normal 
level of about i mM/ 1 . to 5 mM/1. by the infusion of solutions of increasing phosphate 
content. Although glomerular filtration rate increased progressively throughout the 
experiment, both this variable and plasma level remained fairly constant in any pair 
of periods during which a given infusion was administered. 

It is evident in the first 2 periods of the 2 experiments, prior to the administration 
of phosphate, that there was no significant difference either in plasma level or in rate 
of excretion of phosphate in the normal and in the parathormone treated state. Thus 
we observe in the control experiment that the plasma phosphate level averaged 1.03 
mii/l.; following parathormone it averaged 0.93 roM/l., a value essentially the same 
as the control. Similarly the rate of excretion of phosphate amounted to 0.002 msi/ 
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min. in the control experiment, a negligibly small value, and remained essentially 
unchanged at 0.009 nm/min. following parathormone. In sharp contrast, the serum 
calcium level and the rate of excretion of calcium were considerably elevated by 
parathormone treatment. Thus in the control experiment the serum calcium level 
was 9.6 mg. per cent; following the administration of hormone it was elevated to 14.1 
mg. per cent. The control rate of calcium excretion was 0.007 mg/min.; following 
the administration of hormone it rose to 0.348 mg/min. Of most significance, how- 
ever, is the fact that the normal and the hormone treated animal reabsorbed phos- 
phate at rates which were identical within limits of experimental error over a fairly 
wide range of plasma phosphate concentration. The max i m um reabsorptive capac- 
ity (phosphate Tm) varied from 0.080 to 0.108 mii/min., a range no greater than 
that obserx’^ed under normal conditions. Indeed the higher values 'were obtained 
following hormone treatment. It is interesting, although unexplained at the mo- 
ment, that although the serum calcium level decreased with the infusion of phos- 
phate, the excretion of calcium invariably increased. It is possible that the infusion 
of phosphate either increased the filterable fraction of serum calcium or in some way 
interfered with calcium reabsorption. 

Figures i and 2 summarize the data obtained in 48 clearance comparisons in 
each of the 2 dogs. The quantity of phosphate reabsorbed by the tubules and ex- 
creted in the urine, expressed in mM/min., is plotted against the quantity of phos- 
phate filtered through the glomeruli, likewise expressed in mM/min. It is apparent 
that the rate of reabsorption of phosphate is essentially the same in the normal and 
in the parathormone-treated states in both dogs. 

Eight additional experiments were performed on the same 2 dogs in a study of 
the effect of parathormone on the renal tubular reabsorption of calcium. In 4 of the 
experiments parathormone was administered; in 4 no hormone was given, these latter 
serving as controls. The method of administration of the hormone and aU other ex- 
perimental procedures were the same as in the experiments just described, except 
that the infusions contained no phosphate. 

In order to calculate the quantity of calcium filtered through the glomeruli it is 
necessary to determine the fraction of the total serum calcium which is diffusible. 
To obtain this figure, 10 ml. of serum from each sample of blood were subjected to 
ultrafiltration under 150 lb. pressure of nitrogen through a cellophane membrane 
according to the method of Nicholas (18). Consecutive 2 ml. portions of the filtrate 
as well as the original serum were analyzed for calcium by the methods used in the 
previous experiments. 

Four typical experiments performed on the 2 dogs are illustrated in table 2. 
For each animal, the first 3 rows of figures constitute control observations; the 
last 3 rows constitute observations following the administration of parathormone. 
It is evident in these experiments as in those described above that there is no signifi- 
cant difference in serum phosphate level, in rate of reabsorption or in rate of excretion 
of phosphate in the control and in the parathyroid treated state. All of our obser- 
vations have been completely consistent in this respect. However, we must point 
out that our experiments have aU been performed from 20 to 23 hours after the in- 
itial dose and from 14 to 17 hours after the final dose of parathormone. Thus any 
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Fig. I. Relatiokship between quantity of inorganic phosphate filtered through glomeruli and 
quantities reabsorbed by renal tubules and excreted in the urine. Dog P. Circles, control ob$cr\'a- 
tions; triangles, following parathormone. 



PHOSPHATE FILTERED (MILLIMDLS PER MIN.I) 

Fig. 2. Relationship between the quantity of inorganic phosphate filtered through the 
glomeruli and the quantities reabsorbed by the renal tubules and excreted in the urine. Dog R. 
Circles, control observationsj triangles, following parathormone. 
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transitory effect of the hormone on phosphate excretion or reabsorption would be 
missed. 

In contrast it is evident from table 2 that the serum concentration of calcium 
and the rates of reabsorption and excretion of calcium were all significantly increased 
by parathormone administration. Thus during the control periods the serum con- 
centration of total calcium averaged 6.9 mg. per cent in dog R and 7.7 mg. per cent 
in dog P;® that of filterable calcium averaged 4.1 mg. per cent in dog R and 4.7 mg. 
per cent in dog P. Following parathyroid hormone, serum total calcium increased 

Table 2. Experiments illustrating relationship betitoen quantities of calcium filtered 

THROUGH GLOMERULI AND QUANTITIES REABSORBED BY TUBULES AND EXCRETED IN URINE IN 
A NORMAL DOG AND IN THE SAME ANIMAL FOLLOWING ADMINISTRATION OF PARATHORMONE. 


GLOM. 

URIXE 


SERUM 

/ FILT. 
RATE 

FLOW 

Phos- 

phate 

Total 

calcium 

cc/min. 

cc/min. 

mU/L. 

mf/a. 

69.2 

5-9 

0.79 

7-0 

"JO . 2 

7-1 

0.71 

6.8 

69.2 

7-05 

0.68 

6.8 

71-7 

6.5 

0.88 

II .1 

66.5 

4.9 

0.85 

11 .0 

71.2 

2.1 

0.84 

11-5 



PHOSPHATE 

Filtrate 

calcium 

Filtered 

Excreted 

mg%. 

mM/min. 

mM/min. 

Dog R; Control 

4.2 

0-055 

0.0005 

4.1 

0.050 

0.0001 

4.1 

0.047 

0.0001 

Dog R; Parathormone 

5-8 

0.063 

0.0009 

6.8 

0.057 

0.0001 

7.0 

0.060 

0.0001 


CAtCIUlt 


Re- 

absorbed 



Re- 

absorbed 

mM/min. 

1 mg/min. 

1 mgfmin, | 

mg/min. 

0.055 

2.91 

0.004 

2.90 

0.050 

2.88 

O.OII 

2.87 

0.047 

2.84 

0.029 

2.81 

0.062 1 

j 

4.16 

0.150 

4.01 

0.057 

4.52 

0. 220 

4.30 

0.060 

4.99 

0.350 

4.64 


Dog P; Control 


60.9 

3-05 

0.64 

7.0 

4.6 

0.039 

0.0001 

0.039 

2.80 

0 , 0009 

2.80 

63.6 

1.65 

0.63 

7.8 

4.8 

0.040 

0.0002 

0.040 

3-05 

0.002 

3-05 

66.6 

1. 15 

0.61 

8.3 

4.6 

0.041 

0.0002 

0,041 ; 

3.06 

0.004 

3.06 





Dog P; Parathormone 





62.6 

5-7 

o.go 

12.7 

6.9 

0.056 

0.0002 

0.056 

4.32 

0.250 

4.07 

60.9 

3-25 

o.go 

12.3 

6.5 

0.055 

0.0001 

0.055 

3-96 

0.400 

3-56 

62.0 

1-7 

0.78 

12.8 

6.7 

0.048 

0.0002 

0.048 

4.15 

0.320 

3-83 


to II. 2 and 12.6 mg. per cent, and filterable calcium to 6.5 and 6.7 mg. per cent re- 
spectively in the 2 animals. 

It is apparent from the columns labelled calcium filtered, excreted and reab- 
sorbed, that the increased delivery of calcium into the renal tubules, in consequence 
of the increase in serum concentration of filterable calcium, adequately accounts for 
the calcuria observed. Thus in dog R the quantity filtered rose from 2.88 to 4.56 
mg/min., and in dog P from 2.97 to 4.i4mg/mm. In dog R the quantity excreted rose 
from 0.015 to 0.240 mg/min., and in dog P from 0.002 to 0.323 mg/min. Since the 
increase in the quantity filtered greatly exceeded the increase in the quantity ex- 
creted, it is apparent that the quantity reabsorbed likewise increased, from 2.86 to 

5 The cause of the low initial calcium in both of the control experiments is unknown. However 
the administration of parathormone in each instance increased serum calcium nearly 100%. 

















48 


IFTAKITAR JAILW AND ROBERT F. PITTS 


Volume IS 5 


4.33 mg/min. in dog R, and from 2,90 to 3.82 mg/min. in dog P,® We feel that this 
increase in reabsorption is tlie consequence of the presentation of increased quantities 
of calcium to tubules whose reabsorptivc capacities are unsaturated at ordinary 
plasma levels. 

DISCUSSIO.V 

The experimental results presented above demonstrate that the administration 
of 600 u of parathormone causes no appreciable depression of the level of phosphate 
in the serum and no significant interference with the capacity of the renal tubules to 
reabsorb phosphate some 14 hours later. Nevertheless at this lime the serum con- 
centration of calcium is maximally increased and calcium is e.xcreted in the urine in 
large quantities. Because the hypercalcemia and hypercalcuria persist for many 
hours, it is apparent that they cannot be causally related to any transient phospha- 
turia which immediately follows the administration of the hormone, but which sub- 
sides before the serum level of calcium and rate of excretion of ailcium reach their 
maxima. Our experiments are therefore consistent with the conclusion of Collip cl 
al. (9) that the action of parathormone on the metabolism of calcium is independent 
of any direct influence it may have on the renal threshold for phosphorus. Indeed 
we would go further in saying that at the time of greatest mobilization and urinary' 
loss of calcium, the hormone exerts no effect on the reabsorption or excretion of phos- 
phate by the kidney. 

It is likewise evident that parathormone does not interfere with calcium reab- 
sorption by the renal tubules. Indeed there is greater reabsorption of calcium in tlie 
hyperparathyroid state than under normal conditions. This increased reabsorption 
of calcium must mainly result from the fact that the kidney tubules are presented 
with greatly increased quantities of calcium in the glomerular filtrate. Although 
more of the filtered calcium is reabsorbed, more also spills over into the urine to 
account for the evident hypercalcuria. 

Monaha n a nd Freema n (1 9) similarly believe tha t the par athyroid gland e.xert s 
a n infl^nce on calcium metahniicm fh at Lis indep en ^ent-of the kidneys. Thu sithev 
observed a decrease in the serum calci um concentration nmnunrincr tn .>ihnut f^ aper 
cent in 72 hours in nephrectomized parathyroidectomi zed dogs, whereas no sim ilar 
decrease was obse rv'edTnmnphrectomized-^ntrolsr^T'Tie senim inorganic phospha te 
% yas marked ly elevated in both groups. Recently Ingalls, Donaldson and Albright 
(20) produced the Characteristic bone lesions of hyperparathyroidism by the ad- 
ministration of parathormone to nephrectomized rats. They^ are abo of the opinion 
that their evidence supports the view that parathormone has a direct action on bone. 

It is concluded from these and from our own studies that hypercalcuria and 
hypercalcemia are dependent on extrarenal actions of the hormone and not on any 
specific effect on the renal tubular reabsorption of either phosphorus or calcium. 

SUMMARY 

The effect of parathormone on the renal tubular reabsorption of inorganic phos- 
phate has been studied over a range of plasma concentration of 0.9 to 5.48 roM/liter. 

® Comparable results were obtained in 4 additional experiments. 
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Under the conditions of our experiments, the rate of reabsorption of phosphate is 
essentially the same in the parathormone-treated and in the normal animal. The 
rate of reabsorption of calcium is greater following parathormone, for in consequence 
of increased plasma level of filterable calcium, increased quantities of calcium are 
presented to the tubules in the glomerular filtrate. Hypercalcemia and hypercal- 
curia produced by the administration of parathormone are dependent on extrarenal 
actions of the hormone in mobilizing calcium from body stores, not on any spe- 
cific depression of the renal tubular reabsorption of either phosphorus or calcium. 
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EFFECT OF ETHER AND P]’:NT0BARBITAL ANESTHESIA 
ON CERVICAL LYMPH FLOW AND PROTEIN 
CONTENT IN THE CAT* 


MARIE-LOUTSE FLINKER= and JANE D. AIcCARRELlA 
From Ihc Dcpartmcnl of Physiology, Vassar College 

POUGHKEEPSIE, NEW VOEK 

T he volume of lymph flow and protein concentration of lymph in the dog 
have been shown by Polderman cl al. (i) to be markedly affected by the 
type of anesthesia. Pentobarbital sodium caused a reduction in flov.* of 
about 50 per cent and ether caused an increase of about 50 per cent over the flow 
under local procaine anesthesia. It was the purpose of the present problem to study 
the effects of ether and pentobarbital sodium anesthesia on lymph flow and protein 
concentration of lymph in the cat and to compare these results with the effects noted 
in the dog by other workers. 


iCETHOD 

Fifteen cats weighing 2.4 to 4.4 kg. were used. These erpcrimenls were divided into four 
groups according to the anesthetic used or the order in which the anesthetics were administered. 
The first group consisted of the determination of the flow of lymph when the animal v.-as first anes- 
thetized nith pentobarbital sodium and then, when the flow had readied a relatively steady state, 
with ether. The second group consisted of animals first anesthetized willi ctlicr followed by pen- 
tobarbital sodium when the flow had leveled ofi. Tlic other two groups were control c.Tpcriments 
and consisted of the determination of the effects of ether alone and of pentobarbital sodium alone. 
The animals were kept at a relatively light level of surgical anesthesia. The corneal reflex was used 
as an indicator of degree of anesthetization, except in a few isolated cases where it was absent. 
The respiratory rate then had to be relied upon to indicate the relative depth of anesthesia. 

A 4 per cent solution of pentobarbital sodium was used. An initial dose of 40 mg/kg. was 
given intraperitoncally, and all subsequent doses needed to keep the level of anesthesia constant 
were given intravenously. A tracheal cannula was inserted and a small bottle partially filled with 
w’ater was attached to the cannula. In this way the same amount of dead space was present under 
pentobarbital sodium as under ether. 

When the cat was anesthetized with ether first, it was placed in a specially adapted can so 
constructed that ether vapor could be introduced. There was a small observation window in the 
top of the can. When the cat was anesthetized, it was transferred to the operating board and ether 
was administered through a cone using the drop method until a tracheal cannula could be inserted. 
A small bottle, through which the flow of ether vapor and air could be adjusted, was partially filled 
with ether and attached to the tracheal cannula. 

Physiological saline (20 cc/kg.) was slowly administered to each cat intravenously through a 
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femoral vein before lymph collection was begun, to insure adequate tissue hydration. The mean 
arterial pressure was recorded directly from a femoral artery using a mercury manometer. Blood 
samples were taken at regular intervals from the other femoral artcrj- which had also been cannulatcd. 
Blood collected in capillar}' tubes was centrifuged and the hematocrit values determined from these 
samples. Serum protein determinations were done using a Zeiss dipping refractometer. Body 
temperatures, respiration rate and depth were noted. 

The right and left cer\dcal lymphatic ducts were isolated in all but a few cases when one or the 
other could not be found. Both lymphatics were cannulated in some cases. When only one lym- 
phatic was cannulated, the other was tied off. A thin wire, dipped in dry heparin, was inserted in 
each cannula to prevent coagulation. In order to insure a continuous flow of lymph, a ‘nodding 
preparation’ was used (2). 

The lymphatic cannulae were emptied at 5-minute intervals using a ‘mosquito bill’ pipette. 
All the lymph for a 15-minutc period was collected in a single, prev'iously weighed test tube. The 
protein concentration of the lymph was determined using a Zeiss dipping refractometer. 

RESULTS 

A summary of the data obtained is presented in tables i and 2. The values 
listed represent the average of the results secured during the period of one hour. 
The hour periods chosen were those during which the lymph flow had more or less 
leveled off. \Mienever possible, two consecutive hours were used to note an)'- imme- 
diate effects of changing the anesthetic agent. Figures 1-4 are graphs showing the 
course of four typical experiments, each one representing one type of experiment. 

An examination of the average results reveals no marked changes in lymph flow 
when pentobarbital sodium anesthesia was followed by ether or when the reverse was 
the case. There was some variation in individual experiments, but there w'as a trend 
toward decreasing flow as the ex^periment progressed, regardless of the anesthetic 
employed. A slight rise in lymph protein content was found when pentobarbital 
sodium followed ether anesthesia, but no consistent change was noted when ether 
was introduced after pentobarbital sodium. The changes which occurred were of 
approximately the same magnitude as those found in the control experiments when 
ether or pentobarbital sodium alone was used for the duration of tlie e.xperiment. 

The hematocrit values decreased slightly when ether anesthesia was followed by 
pentobarbital sodium. This was also true of the serum protein values. On the 
other hand, when ether was introduced after pentobarbital sodium anesthesia, the 
effect was inconsistent; a rise in hematocrit occurred in two cases and a drop of the 
same magnitude occurred in the third. .A majority of the serum protein values in- 
creased. The mean arterial pressure remained fairly constant in all experiments 
and the respiration rate showed no e.\'cessive variation. 

The graphs show that, regardless of the anesthetic agent used at the outset of 
the e.xperiment, there was a large initial flow of lymph. This was due to an accumu- 
lation of tissue fluid and hanph in the region of the head and neck during the period 
which preceded the beginning of the nodding motion. \\Tien the head movement 
was begun, the accumulated fluid -was passively pushed into the cerx'ical lymphatic 
ducts and out into the cannulae in relatively large amounts. However, in most cases 
the flow had dropped perceptibly by the end of an hour and had begun to level off 
during the second hour. Since the values obtained during the first hour are not 
indicative of the effect of the anesthetic used, they will be disregarded. 
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A certain amount of irregularity in Ij'mph flow was encountered in all experi- 
ments. These variations cannot be accounted for by attributing them to changing 
the anesthetic used, since they occurred in control experiments as well. 
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The data obtained indicate that ether and pentobarbital sodium have no signifi- 
cant effect on Ijrmph flow and protein concentration in the cat. 
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dogs (7, 8, 10, II, 12). There are indications that ether anesthesia decreases plasma 
volume in the human being (13, 14). 

Hamlin and Gregersen (15) presented data which indicated that intravenous 
injection of nembutal caused an immediate increase in plasma volume of cats. 
Jarcho (10) found in cats that although nembutal anesthesia caused a marked de- 
crease in hematocrit and plasma protein concentration, subsequent anesthetization 
of the cats with ether did not produce changes in blood concentration, Conley (16) 
using ether, reported finding no change in plasma volume of cats. If such a species 
difference can be shown to exist with regard to the effect of one anesthetic on the 
concentration of blood in these animals, it is conceivable that this difference will be 
reflected in the lymph flow. 


Tabi-k 2. CoNTROi. Exrr.p.iMrsT.s 
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^ Combined flow from right and left cervical lymphatics. 


SUMXtARY 

Ether anesthesia in comparison with pentobarbital sodium anesthesia had no 
significant effect on lymph flow and lymph protein concentration in the cat, thus 
suggesting a species difference between the cat and dog with respect to these anes- 
thetics. 

ADDENDUM 

Since these experiments were performed, Smith cl ah (17) have reported results obtained with 
regard to the immediate effects of ether and nembutal upon some blood components in the cat which 
indicate the immediate effect of ether on the blood is hemoconcentration and of nembutal, hemodilu- 
tion. 
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CHOLINESTERASE ACTIVITY IN NORMAL AND FEBRILE 

R.ABBIT BRALN‘ 

C. N. PEISS, JOHN FIELD and VICTOR E. HALL 
From the Department oj Physiology, Stanford University School of Medicine 

STANFORD O^^IVKRSITY, CALIFORNIA 

I T IS generally assumed that in fever the temperature regulating center is set 
at’a supranormal level and that active regulation occurs at this new level (i). 
It seems possible that this change in setting involves a metabolic change in the 
temperature regulating center. This change might involve an alteration in intra- 
cellular enzyme pattern which could be detected by enzyme assay. Technical 
difficulties precluded direct metabolic investigation of tlic cells of the hypothalamic 
centers. However, because of the qualitative similarity of the metabolic pattern 
in various parts of the central nervous system (2, 3), quantitative changes appearing 
in one region might be expected to be paralleled by changes in a similar direction in 
other regions. In view of current interest in the possibility that the acetylcholine- 
cholinesterase system is a factor in nerve function (4-6), we have compared the 
cholinesterase activity of homogenates prepared from brain tissue of normal and 
febrile rabbits. The results are reported in this paper. 

Cholinesterase catalyses the hydrolysis of acetylcholine, with the formation of 
choline and acetic acid. The chemical and physiological properties of acetylcholine 
and the enzymes concerned with its synthesis and degradation have been reviewed 
by various workers (4-7). The manometric determination of cholinesterase is 
based on the displacement of CO2 from a bicarbonate buffer by the acetic acid formed 
in the reaction. Thus hydrolysis of i mol of acetylcholine yields i mol of acetic 
acid, which in turn displaces i mol of CO2 from the buffer medium (S-io). 

JIETHODS 

Cholinesterase was measured manometrically with the conventional Warburg 
technique. The suspension medium was Ringer’s-bicarbonate buffer (calcium-free). 
Merck acetylcholine chloride was used as substrate in a final vessel concentration of 
0.015 M and was made up in the suspension medium. The buffer solution was 
gassed for 20 minutes with a mixture containing 95 per cent Na— 5 per cent CO2 
before the vessels \vere filled. After the vessels had been filled with all necessary 
solutions, they w^ere placed in a water bath which w’as maintained at a temperature 
of 39 ± o.oi°C. They ivere then gassed for 10 minutes with the 95 per cent N2 
— 5 per cent CO2 mixture. After a lo-minute equilibration period, the acetylcholine 
solution was added from the sidearra of the vessels and readings were begun. Read- 
ings were made every 5 minutes for a 40-minute period. The rate of evolution of 
CO2 during this time was constant. 

Received for publication July 19, 1948. 

1 The work reported here was done under a contract between the Air Materiel Command, 
Wright Field, Dayton, Ohio and Stanford University. 
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Cholinesterase activity was determined for whole homogenate from rabbit 
brain and for the supernatant fraction of the homogenate. It has been shown previ- 
ously that the supernatant fraction of the homogenates prepared in the Waring 
Blendor exhibits 35 to 45 per cent of the total activity of the whole homogenate (ii), 
whereas a corresponding value of 10 to 20 per cent (ii) is obtained when the Potter- 
Elvehjem homogenizer is used (12). Accordingly, all of our homogenates were 
prepared with the Waring Blendor. In order to maintain constant conditions 
throughout the experiments, all homogenates contained about 200 mg. fresh tissue 
per ml. Homogenates were prepared in Ringer’s-bicarbonate buffer. A t3rpical 
reaction flask mixture is given below: 


Acetylcholine chloride, 0.15 M in Ringer’s-bicarbonate buffer 0.15 ml. 

Ringer’s-bicarbonate buffer i.io ml. 

Homogenate or supernatant 0.25 ml. 


Two rabbit brains were used for each experiment reported here. Of these, one 
served as a control and is hereafter referred to as the ‘normal’. The other rabbit 
received an injection of 0.05 ml. typhoidparatyphoid triple vaccine^ intravenously, 
and is hereafter referred to as the ‘febrile’. Rectal temperature was checked from 
the time of injection throughout a period of one hour. A rise m rectal temperature 
of i.o°C. was considered a satisfactory response. In most cases, the rise in rectal 
temperature amounted to 1.2 to i.5°C. Exactly one hour after the tune of vaccine 
injection, the 2 animals were killed by injection of air into the marginal ear vein. 
The brains were rapidly excised and placed in beakers surrounded by cracked ice. 
The homogenates were then prepared immediately in the cold room at o.o°C. 

RESULTS AND DISCUSSION 

It is shown in table lA that the values for cholinesterase activity in normal and 
in febrile rabbit brain homogenates are very similar. The difference in the mean 
values has been analysed statistically and has been shown to be insignificant (P = 
0.26). Values are expressed both in terms of CO2 production and of milligrams of 
acetylcholine hydrolyzed for convenience in comparison with other data in the litera- 
ture. These values are calculated on the basis of 100 mg. fresh tissue per hour. 
Similar results for the supernatant fraction are shown in table iB. Here, the agree- 
ment between normal and febrile animals is even more striking. It is readily ap- 
parent from inspection of the data that there is no significant difference between 
the two sets of values (P = 0.81). The results in table iB are based on i.oml. of a 
supernatant from a homogenate containing 100 mg. fresh tissue per ml. In this 
way it is possible to correlate the relative activity of the whole homogenate and of 
the supernatant fraction. It is interesting to note that the activity of the super- 
natant fraction amounts to about 40 per cent of that of the whole homogenate, 
which confirms the choice of the Waring Blendor when a high activity is desired in 
the supernatant. 

~ Cutter Laboratories Typhoid-Paratyphoid Vacdne, containing 1000 million E. typhosa or- 
ganisms per cc., 500 million S. paratyphi organisms per cc. and 500 million S. schottmuelleri organ- 
isms per cc. 
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The results presented here arc in close agreement with those reported by other 
workers for normal rabbit brain cholinesterase activity. Nachmansohn and Feld 
(ii) report that normal rabbit brain homogenate hydrolyzes S.o mg. acetylcholine 
per 100 mg. fresh tissue per hour. DuUois and Magnum (10) have found that 
normal rabbit brain homogenate produces 1224 microliters CO.' per 100 mg. fresh 
tissue per hour, which is equivalent to (he hydrolysis of 9.92 mg. acetylcholine per 
100 mg. fresh tissue per hour. Our results of 9.07 mg. acetylcholine hydrolysed per 
100 mg. fresh tissue per hour fall midway between these values. The results pre- 
sented here represent, of course, the sum of cholinesterase activity in the various 
parts of the brain. Activity varies widely in difTcrent areas, as shown for rabbit 


Tablk I 


KOKUAt i 

1 

rtssiLK 

i 

, \ 

pi. COi evolved m?r. ACh hydrolysed] 

pi. COi c^-oIvM ra?. ACh hydroiyied 


Part ia. Cholincstcmse activity of whole homogcn.-itc from normal and febrile rabbit brain. 
(Values/ioo mg. fresh tissue/iiour.) TIic symbols S.D. and N stand for the standard deviation 

and the number of runs respectively 


Mean 

III9 

9.07 

j 10S7 

1 S.Si 

Range 

9S2-1242 

7.95-10.06 

1 1039-1209 

j 8 . 43 - 9 -St 

S.D 

79 -SS 1 

0.643 ! 

49.40 

; 0.403 

N 

12 ; 

12 

j 12 

S 12 

1 

Part ib. Cholinesterase activity of supernatant fraction of homogenates from normal and febrile 

rabbit brain. (Values per :.o ml. supernatant from a 100 mg/ml. homogenatc/liour.) 

Mean 

433 

1 3.52 

433 

1 3.51 

Range 

417-467 

1 3 . 38 - 3.78 1 

420-453 

1 3 ..to- 3.67 

S.D 

14.77 i 

0.118 j 

12.37 

I O.IOl 

N 

» I 

12 j 

12 

12 


brain by Nachmansohn and Feld (ii). For example, whole homogenate from the 
cerebral cortex of normal rabbit brain hydrolyzes 4.5 mg. acetylcholine per 100 mg. 
fresh tissue per hour, while a homogenate prepared from the nucleus caudatus is 
able to hydrolyze 31.6 mg. acetylcholine per 100 mg. fresh tissue per hour. 

SUMMARY 

Whole homogenate from normal and febrile rabbit brains hydrolyzes respec- 
tively ,9.07 and 8.81 mg. of acetylcholine per 100 mg. fresh tissue per hour. These 
values are the means of twelve determinations. The difference between these means 
is not significant. The supernatant fraction of similar homogenates hydrolyzes 
respectively 3.52 and 3.51 mg. acetylcholine per 100 mg. fresh tissue per hour (mean 
of 12 determinations each). These means are also not significantly different. To 
the extent that these assays on whole brain can cast light upon processes mediating 
temperature regulation, they suggest that quantitative changes in cholinesterase 
assay are not associated with the 'thermostatic reset’ which occurs in fev'er. 
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DISTRIBUTION OF THE TWO FRACTIONS OF CHOLIN- 
ESTERASE IN HOMOGENATES OF PORTIONS OF THE 

DOG BRAIN* 


J. MAXWELL LITTLE 

Vrom Ihe DepartmeiU of Physiology and Pharmacology, The Bowman Gray School of 

Medicine of Wahe Forest College 

WINSTON-SALEM, NORTM CAROLINA 

I T HAS been reported previously (i) that two fractions of specific cholinesterase 
are present in homogenates of mouse brain. One is found in the precipitate 
obtained by centrifuging the homogenate, and one remains in the supernatant 
fluid. The precipitate fraction is considerably more licat labile than is the super- 
natant fraction. 

The present report is concerned with the total cholinesterase activity of homog- 
enates of portions of the dog brain and the distribution of the two above fractions 
in the homogenates. In addition, the heat lability of the two fractions is reported. 


PROCEDURE 

Dogs were killed with penlobarbiial sodium (dog i) or with ether .and chloroform (dogs 2 and 
3). The brain and a portion of the cervical spinal cord were removed as quickly as possible. The 
brain of dog i was dissected’ immediately and the various portions were stored in closed containers 
in a COj ice box until used. The brains of dogs 2 and 3 were stored immcdiatcl}’ in the CO* ice 
box. Thej' were subsequently dissected, without th.awing, and the various portions were returned 
to Uie ice box until used. 

The tissue was homogenized, after thawing at room temperature in a fluid with the following 
composition; NaCl 0.15 M, MgCl* 0,04 M, and NallCOj 0.025 M. The final substrate concentra- 
tion was 0.015 M acetylcholine. The remainder of the procedure followed was that prc\aously 
reported (i). 


RESULTS 

It wiU be seen in table i that when the supernatant fluid and precipitate frac- 
tions were heated at 53°C. for 60 minutes the average remaining cholinesterase 
activity of the supernatant fractions was 42.2 per cent of that present before heating, 
while the average remaining activity of the precipitate fractions was only 29.4 per 
cent of that present before heating. There was less remaining activity in each in- 
dividual precipitate fraction than in the supernatant fluid fraction with the exception 
of the cerebellar peduncle and the internal capsule. These data are interpreted as 
evidence that the precipitate fraction of most portions of the dog brain is more heat 
labile than is the supernatant fraction. 

In table 2 the cholinesterase activity of homogenates of the various portions of 
the brain which were studied will be found. It will be seen that the enzyme activity 

Received for publication August 18, 1948. 

* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 

* The author is indebted to Dr. H. D, Green for the dissections of the brains. 
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varied considerably from one portion of the brain to another, the lowest being, no 
detectable activity in the corpus callosum and the greatest activity being found in 
the caudate nucleus. It will be seen also that there is considerable variability 
among the various brain tissues in the per cent of the total activity which remains 


Table i. Effect of heating upon the cholinesterase AcnviTY of supernatant fluids 
AND precipitates OBTAINED FROM HOMOGENATES OF PORTIONS OF DOG BRAIN 

(QA-Ch = Hig. of acetylcholine hydrolyzed/ioo mg. wet weight/6o min.) . . , 


TISSUE 

CONTROI 

QA-Ch. 

PERECENTAGE OF CONTROL 
ACTIVITY REMAINING AFTER 

60 MIN. HEATING AT 53®C. 

Supernatant 

Precipitate 

Supernatant 

Precipitate 

Cerebellar nuclei 


6.13 

38 

21 

Cerebellar peduncle 


3-73 

29 

29 

Cerebellar cortex 

Oj 

b 

00 

8.91 

55 

13 • 

Cerebellar cortex 

2.30 

4.12 

31 

21 

White matter 

0.44 

0.56 

70 

54 

Caudate nucleus 

8.59 

34-99 

22 

12 

Caudate nucleus 

6.46 

16.82 

33 

21 

Caudate nucleus' 

7.92 

17.77 

20 

IQ 

Internal capsule 

1 .15 

1.70 

60 

60 

Medulla 

1.76 

3-27 

57 

36 

Thalamus 

1.68 

3.21 

49 

46 

A-verage 

42.2 

29.4 



1 Heated at 54°C. 


in the supernatant fluid fraction when the total homogenate is centrifuged. The 
supernatant fluid enzyme activity varies between an average of 27 per cent for the 
cerebellar cortex to a value of 55 per cent for the rostral portion of the cervical spinal 
cord. 


DISCUSSION 

With the exception of the caudate nucleus, the values reported here for the 
activity of the uncentrifuged homogenate agree generally with those reported by 
Nachmansohn (2). The values for the caudate nucleus are somewhat lower than 
those reported by Nachmansohn. 

On the basis of the data presented in table i, it appears that two fractions of 
chohnesterase are present in dog brain homogenate. The distribution of the two 
fractions between the supernatant fluid and the precipitate, obtained by centrifuging 
the homogenate, is considerably different from that reported for mouse brain- (i) 
where the average values for supernatant fluid and precipitate were respectively 
16.8 per cent and 82.9 per cent. 

It will be seen in table 2 that as the estimated relative mass of nerve fibers in 
the tissues examined increases the general trend is for an increase in the per cent- of 
the total cholinesterase activity which is found in the supernatant fluid from the 
homogenate. An exception to this is the corpus callosum, which had an enzyme 
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activity so low that it was not detectable with the procedure used here. It is possible 
that the same relationship would be found in this tissue if a more sensitive procedure 
were used. The relationship between the nerve fiber mass and the activity of the 


TAULK 2 . CriOI.INKSTKRASn ACTIVITY Or »01l0ni;S*ATK5 or I'ORTIONS or DOG IWIAIN AND 
DISTRIBUTION OT ACTIVITY BP.TUT.KN SUPKRNATANT riX'ID AND I’l'.r.CtPlTATE OnTAINi;D 

ri'.OM TIIK5E IIOlfOGENATES 


DOG KO. 

TlKSUr. 

rSTIWATTJ) Vo 



nErapaATE 

nr.R\T rninun 



ACriVTIT 





C" 







/C 

I 

Cerebellar cortex: i 

20 

II.2S 

19 

81 

I 

tt it 


12.73 

24 

70 

2 

tl 41 


6.22 

37 

66 

3 

44 tt 

1 


8.47 

29 

72 

Average. . . 



9.6S 

WBM 

72 

1 

I 

Caudate nucleus 

40 

•13.81 

20 

80 

2 

tt tt 


23.38 

2S 

72 

Average . . . 

i 


33-59 

24 

76 

I 

Thalamus 

40 

5-59 

44 

64 

2 



S-Oi 

34 

64 

Average . . . 

i 


i i 

5.30 1 

39 

64 

I 

Cerebellar medulla 

70 

8.33 

31 

74 

3 

^Icdulla 

80 

■IQII 

43 

65 

2 

tt 

1 



39 

73 

Average . . . 

j 


1 5 .62 

i 

69 

I 

Spinal cord (C1-C3) 

85 

3.63 

1 55 

49 

I 

Internal capsule 

100 

2.59 

44 

66 

I 

White matter 

lOO 

0.93 

47 

60 

I 

Cerebellar peduncle 

100 

6.38 

49 

S 8 

I 

Corpus callosum 

100 

0 



2 

tt tt 


0 




supernatant fluid fraction is suggestive that this fraction may be more highly con- 
centrated in the fiber or some portion of it and that its physiologic role may be 
related to this distribution. 


SUMMARY 

Dog brain homogenates have been shown to contain two fractions of cholines- 
terase similar to the previous finding with mouse brain. The fraction present in 
the precipitate obtained by centrifuging the homogenate is more heat labile than is 
the supernatant fluid fraction. The QA.ch values for various portions of the dog 
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brain are as follows: caudate nucleus 33.6, cerebellar cortex 9.7, cerebellar medulla 
8.3, cerebellar peduncle 6.4, medulla 5.6, thalamus 5.3, spinal cord 3.6, internal 
capsule 2.6, white matter 0,93, corpus callosum o. 

In general, there is a direct relationship between the estimated relative mass 
of nerve fiber in the tissue and the activity of the supernatant fluid fraction of 
cholinesterase. With the exception of the corpus callosum, this relationship is 
suggestive that the supernatant fluid fraction may be more highly concentrated in the 
nerve fiber. 

The author wishes to acknowledge with appreciation the assistance of Miss Earline Tapp in 
many of these experiments. 
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THERMAL REACTIONS OF YOUNG ALBINO RATS TO 
INTRAPERITONEAL INJECTIONS OF ERGOTOXINE‘ 


A. R. BUCHANAN akd J. E. ROBERTS 
From the Department oj Anatomy, University oj Colorado Medical Center 

DZSVTJl, COLORADO 

E RGOTOXINE, administered intraperiloncally to albino rats over 30 days of 
age, has been found to be productive of h>'pcrthermia if the animals arc in a 
comfortably warm environment (i). The prevailing concept that ergotoxine 
has a central action has seemed to provide the most logical explanation for these 
phenomena. 

Prior to the attainment of an age ranging between 18 and 30 days, albino rats 
are unable to maintain their bodj'^-temperatures when placed in a cold environment 
(2, 3). If the attainment of the ability'- to maintain a normal body temperature 
when exposed to adverse environmental situations depends upon the maturation of 
the hypothalamus (3) and if the thermal responses to ergotoxine are dependent upon 
hypothalamic stimulation, it seemed logical to hypothesize that pre-regulatory rats 
might fail to react to ergotoxine in the same manner as the older animals previously 
reported (i). The research presently reported was designed to test this hj’pothesis. 

MATERIALS AND XIETHODS 

Seven litters of Wistar strain albino rats liavc been used in the accumulation of 
the data specifically reported herein. A great many additional observations upon 
rats of comparable ages, but from other, litters, have been made in connection with 
other studies; the thermal reactions of these animals have been similar, in all respects, 
to those presented. 

Four rats from one litter (27) were used as ergotoxine experimental animals and 
the remaining 3 served as controls. Ergotoxine ethanesulphonate,- dissolved in 6.25 
per cent ethyl alcohol (i mg. in 2 cc.), w'as administered intraperitoneally to the ex- 
perimental rats in a dosage of 4.5 mg/kg. of body weight. Each animal received the 
drug on at least 8 separate occasions such that its thermal reactions were studied at 
intervals ranging from 12 to 53 days of life. Continuous temperature records were 
obtained concurrently from one e.xperimental and one control animal by means of 
copper-constantan thermopiles and a tw'o-channel Browm electronic potentiometer as 
previously described (i, 3). 

The members of the other 6 litters were each given ergotoxine only once, at ages 
ranging from 12 to 32 days. Immediately after administration of the drug to the 
experimental animals in litters jN and ji? (fig. 3), each, together wdth a litter-mate. 

Received for publication August 23, 1948. 

^ This research was supported by the Office of Naval Research, 
s Kindly furnished by the Wellcome Research Laboratories, Tuckahoe, N. Y. 
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O 30 60 90 

Time After Injection: Minutes 
A- — -AIZDAYS 0----0180AyS 0— •—OZeDAYS 

A AtSDAYS □ 021 DAYS • *33 DAYS 



Fig. I. Thermal responses of litter-mate rats {litter 2 J) given single intraperitoneal injections 
of ergotoxine ethanesulphonate (4.5 mg/kg.) on successive occasions and at the ages indicated. 



O 30 60 90 

Time: Minutes 


Fig. 2 . Typical temperature records of litter-mate controls of experimental rats used in 
the compilation of figure i. The legend accompanying figure i also applies to this figure. 
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control, was placed in a constant-temperature oven, set at 30*^0., and the tempera- 
tures of both animals were recorded during a two-hour period. The temperature 
record of the ergotoxine-treated animal w’as then adjusted in such a manner as to 
compensate for minor variations in body temperature of the control vdiich appeared 
to be attributable to the insertion of the thermopile into the colon. Control animals 
could not be studied concurrently with the c.xperimental rats in the other 4 litters 
(jy, jZ, 4G and 4//, fig. 3) since they were confined, during the period of obsen'ation 
of their ergotoxine reactions, within a metabolism chamber which was completely 



Fig. 3. Thermal responses of individualjmcmbers of 6 litters of rats given single injections 
of ergotoxine ethanesulphonate (4.5 mg/kg.) at the ages indicated. Hypothermic areas (in degree- 
minutes) cover a period of 2 hours. Hj-perthermias (in degree-minutes) represent only the initial 
reaction. 

submerged in a water bath; one channel of the potentiometer was utilized for a 
continuous record of the temperature of the chamber and this ranged between 29.5° 
and 30.5°C. The temperatures of litter-mates of the e.xperimental rats in Utter 4G 
were recorded, however, on the same days and under identical conditions. 

RESULTS 

Typical thermal reactions to ergotoxine at ages ranging from 12 to 33 days are 
shown in figure i. All curves in figure i w’ere obtained from the 4 experimental ani- 
mals in litter 2J and they therefore depict, from 15 days on, the reactions of rats which 
had received one or more previous injections of tlie drug. The reactions of their 
litter-mate controls to simple confinement and insertion of the thermopile are indi- 
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cated in figure 2 and are obviously . much less pronounced than the reactions in 
ergotoxine-treated animals. The 12- and 18-day rats exhibited hypothermia in 
response to ergotoxine which was more pronounced at 18 than at 12 days. Hyper- 
thermic responses were well developed at 26 days of age and pronounced at 33 days. 
Beyond the 33rd day the responses continued to be of considerable magnitude and on 
the side of hyperthermia. 

Rats given single injections of ergotoxine at ages ranging from 12 to 32 days 
responded in the same manner as those receiving successive injections at correspond- 
ing ages. The thermal reactions of the members of 6 litters are plotted as degree- 
minutes in figure 3. With the exception of the 12-day rat from litter 3N, all the 12- 
and 16-day animals exhibited hypothermic responses. 

H}^erthermia appeared on the 20th day in Utters 3N, jR, and jZ, on the 23 rd 
day in litter jY, on the 26th day in litter 4F, and on the 28th day in litter 4G. The 
temperatures of all the animals in these 6 litters were recorded for 2 hours, but the 
hyperthermic areas, as plotted in figure 3, include only the initial responses. Hypo- 
thermias, which regularly follow the primary hyperthermic reactions, were not 
summed with the latter. As was true in individual members of litter 2J (fig. i), the 
duration of the initial response at a given age varied considerably from fitter to fitter. 

Litter-mate controls from litter 4G, studied under identical conditions except 
that they did not receive ergotoxine showed only minor fluctuations in temperature. 

DISCUSSION 

The fact that ergotoxine failed to elicit hyperthermia in young (pre-regulatory) 
rats (with one exception) appears to be related to the inability of animals of the same 
strain and within the same age range to maintain their body-temperatures when 
placed in a cold environment (3). If ergotoxine hyperthermia is due to direct action 
of the drug on the hypothalamus (4, 5), its failure to appear in young rats seems to 
indicate a lack of maturity of this area of the brain and the results presented above 
may be considered as strongly supporting our previous contention that the attainment 
of regxflatory ability is dependent upon maturation of the hypothalamus and its 
descending connections (3). 

The h)^othermic reactions to ergotoxine of the young rats were unexpected and 
are not easily explained. It is possible that they are due in part, at least, to periph- 
eral vasodilatation associated with sympathetic reversal as described by Dale (6) and 
that the hypothermia in 16- and 18-day animals is more pronounced than in those 12 
days of age because of a greater degree of maturity in the peripheral sympathetic 
mechanisms of the older rats. If this hypothesis is accepted, it is necessary to 
assume further that, upon maturation of the central regulator}'- mechanism in the 
hypothalamus, the more primitive peripheral response to ergotoxine is superseded 
by it. 

The hyperthermic responses to ergotoxine are usually accompanied by con- 
siderable muscular activity and the hypothermic response (in the immature animals) 
by an almost anesthetic quiescence. It is worthy of note, however, that the 26-day 
rat in litter 4G displayed increased muscular actmty in the presence of hypothermia; 
this, together with other similar observations, suggests that the hyperthermic re- 
actions are only partially due to the effect of ergotoxine on muscular activity. 
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SXIMCilARY 

The hypothesis that thermal responses to ergotoxine of rats in the prc-rcgulator\' 
age range might differ from those of regulatory animals has been experimentally 
verified. It has been found that rats 1 2 to i8 days of age usually react to ergotoxine 
with varying degrees of hypothermia as contrasted to the reactions of their older 
litter-mates (20-30 days), which, under identical environmental conditions, are 
almost uniformly on the side of hyperthermia. Variations from litter to litter, so 
far as the age at which reversal of the response occurs, are common. Such variations 
have also been obscrv'cd with regard to the age at which attainment of the ability to 
regulate body temperature occurs. The age range of reversal of the ergotoxine re- 
action (from hypo- to hN’^perlhermia) and that at which regulator)' ability is attained 
closely coincide. These observations lead to the conclusion that both phenomena 
depend upon the maturation of the hypothalamus. 

The authors thank Dr. R. \V. Whitehead, Professor of Physiology and Pharmacology, Uni- 
versity of Colorado Medical School, for valuable suggestions and critici.sm. 
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EXPERIMENTAL MYOTONIA AND REPETITIVE PHENOM- 
ENA: THE VERATRINIC EFFECTS OF 2,4-DICHLOR- 
PHENOXYACETATE (2,4-D) IN THE RAT^ 

C. EYZAGUTRRE, B. P. FOLK, K. L. ZIEKLER and J. L. LILIENTHAL, Jr. 
With the technical assistance of E. Leaktns 

From the Physiological Division, Department of Medicine, The Johns Hopkins University and 

Hospital 

BALTIMORE, MARYLAND 

T he profound botanical effects of certain substituted phenoxyacetic acids 
have been described by several investigators of plant growth (x, 2). A 
familiar example of these growth-regulating agents is 2,4-dichlorphenoxy- 
acetic acid (2,4-D); but over one thousand compounds, directly or remotely related, 
have been examined and many were found to exert similar effects on plants (3), 

Certain extraordinary effects of 2,4-D were noted in representative mammals 
by Bucher (4). Most striking was the development of muscular rigidity which ap- 
peared to be myotonic in character and was reported to be so established by myo- 
graphic and electromyographic analysis. 

This communication reports certain effects of 2,4-D on the neuromuscular sys- 
tem of the rat mimicking the myotonia which occurs spontaneously in man (5) and 
in the goat (6-8). These effects were indistinguishable from those produced by a 
large and apparently unrelated group of chemical and physical stimulating agents. 

METHODS 

The rats were of both \Mielan and Sherman strains, weighing 140 to 400 g. The 
triceps surae and sciatic nerve and its tibial branch were studied exclusively. Anes- 
thesia was induced by sodium pentobarbital (Nembutal). Skin and tissue overlying 
the sides of the distal end of the femur were split for approximately 5 mm. The 
underlying femur was fixed rigidly by a clamp designed on the principle of a microm- 
eter; the shaft of the femur was held between the advancing spindle and anvil, and 
the sleeve was fixed to the myograph frame. A short incision over the heel per- 
mitted separation of the tip of the calcaneus with its attached tendon. The muscle, 
when prepared for recording, enjoyed an undisturbed blood supply and was covered 
with intact skin. The tendon was transfixed by and secured to a short hook of piano 
wire (No. 20 B. & S. gage) which was attached to a cylinder of bakelite for insulation. 
The upper end of the bakelite cylinder was screwed to the armature pin of a Statham 
YE-48-600 strain gage.^ The strain gage was mounted rigidly to the main column 
of a Brown-Schuster myograph. This type of strain gage is particularly adapted 

Received for publication August 27, 1948. 

^ Work done under a contract between the Office of Naval Research, U. S. Navy Department, 
and the Johns Hopkins University. 

® Statham Laboratories, Los Angeles, Calif. 
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for isometric recording; the movement of the pin under a full load of i5oog, is limited 
to 0.04 mm. The bridge signal was fed through a direct-coupled amplifier to a 
cathode ray oscilloscope for photographic recording. The bridge output was linear 
through full-scale deflection. Resting tension of the muscle was maintained at a 
constant value throughout any one c.xperimcnt, but varied from one e.xperiment to 
another between 75 and 200 g. 

For indirect stimulation the sciatic nerve was crushed and tied pro.x'imally. The 
distal segment was placed in a plastic insulating bed containing two silver stimulating 
electrodes. Direct stimulation was cfTectcd through steel needles placed at opposite 
ends of the muscle. Stimuli, which were supramaximal in intensity, were presented 
as square waves generated by a trigger circuit, the duration of which was controlled 
by a variable resistance-capacitance circuit. 

Nerve action potentials were recorded through a Sherrington electrode from the 
tibial ner\'c isolated peripherally. Stimulation was effected at the pelvic end of the 
sciatic nerve %vhich was isolated centrally. 

Electromyograms were recorded through steel needles insulated to witliin i to 2 
mm. of their tips and placed in the belly of the muscle approximately 5 mm. apart. 
The potentials were fed through a condenser-coupled amplifier to the cathode ray 
oscilloscope and recorded photographically. When the needles w’crc inserted shortly 
after section of the sciatic nciwe, spontaneous random spike potentials w’cre observed. 
These spikes lessened in frequency and then disappeared in the course of 10 to 15 
minutes. No studies w'cre carried out until spontaneous activity had subsided. 

Intra-arterial injection was made through a small cannula tied into the contra- 
lateral iliac artery and directed centrally. The crural artery of the leg under study 
was ligated. The aorta was occluded during injection by drawdng up on a loose 
ligature placed above the bifurcation. The injection volume was 0.15 ml. This 
preparation preserved normal blood suppl}"- to the muscle under study but is under 
continuing development to attain further restriction of the injection to the triceps 
surae. The small size of the rat’s peripheral vessels enabled the use of a simple high- 
frequency desiccating apparatus (‘Hyfrecator’, Bircher) to coagulate vessels and, 
thus, to reduce bleeding. 

When required, denervation of the triceps surae was performed 10 days before 
recording by aseptic section of the sciatic nerv^e. 

Concentrations of potassium in serum and muscle w'ere determined in control 
rats of the same w'eight in whom equivalent amounts of KCl had been injected intra- 
peritoneally (i-p). Analyses were made in a modified Berry-Chappell-Bames in- 
ternal standard flame photometer (9, 10). 

Prior to administration of curare the trachea W'as cannulated and artificial res- 
piration provided by a pump. 

The concentrations of the agents used and their dosages follow: 

1) Sodium pentobarbital, 25 mg/ml., was administered i-p in doses of 40 to 50 mg/kg. body 
weight. 

2) Sodium 2,4-dichlorphenoxyacetate monohydrate (Baker) was dissolved in water in a con- 
centration of so mg/ml., and the pii was adjusted to 7.4 with dilute HCl for i-p injection in doses of 
100 to 250 mg/kg. 
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3) <f-Tubocurarine chloride’ was injected i-p in doses of 1.5 mg/kg. This is equivalent approxi- 
mately to one unit of curare per animal and produced total paralysis of all skeletal muscle. 

4) KCl was injected i-p as a 20 mg/ml. (270 mEq/ 1 .) aqueous solution. Doses were 400 
mg/kg. (5.4 mEq.). 

5) Quinine dihydrochloride was injected intramuscularly in aqueous solution of 45 mg/ml. 
and in doses of 150 mg/kg. 

6) Disodium d-l-a-tocopheryl phosphate^ was injected i-p in an aqueous solution of 100 mg/ml. 
in doses of i g/kg. 

7) Alagnesium sulfate was injected i-p in doses of 250 mg/kg. 

8) Calcium gluconate was injected i-p in doses of 100 mg/kg. 

RESULTS 

Our obserx'ations are in full agreement with those of Bucher on the behavior of 
the rat which has received 2,4-D (4). In both conscious and anesthetised rats full 
development of myotonia appeared some 30 to 45 minutes after i-p injection and 
lasted for hours. The injection of small amounts (2 mg.) of 2,4-D into the vascular 
tree was followed by extreme generalised myotonia in two minutes. Even under 
deep anesthesia and full curarisation, the resistance to passive motion of the e.x- 
tremities was appreciably enhanced. 

Primary effects of 2,4-D on muscle function are illustrated in figures i and 2. 
Increase in tension developed by an isometric twitch, in response to a single supra- 
maximal stimulus to the nerve, was of the order of 25 to 30 per cent; duration of 
twitch until half relaxation was greatly prolonged (figs. lA and 2A). 

The electromyogram of normal muscle stimulated by a single shock to the nerve 
is a simple diphasic deflection (fig. iB). \Mien myotonia had developed after in- 
jection of 2,4-D the response became repetitive. The rapidly recurring, brief po- 
tential changes were less than the initial spike, and occasionally they did not appear 
until after a short period of electrical silence, 10 to 50 msec., following the initial 
spike. On one occasion the silence persisted for 600 msec. (fig. 3C) . In some records 
the regular rhythmicity of the repetitive response suggested that a single motor unit 
was firing directly under the recording electrodes. The duration of repetition was 
variable, ranging from 100 msec, to 6 sec. 

Prolongation of twitch and repetitive firing decreased rapidly with repeated 
stimulation; at a stimulus rate of 12 per min. myotonic features diminished rapidly 
during the first five or six consecutive single volleys (fig. i A, B) . Rest for 10 minutes 
resulted in complete return of the myotonic response. The same changes were noted 
following stimulation by a pair of nerve volleys delivered at short intervals. 

Myotonia in man and goat is characterised by exquisite sensitivity of muscle to 
mechanical stimuli. 2,4-D produced in the rat this same explosive electrical re- 
sponse to tapping of the muscle or tendon and also to the insertion or movement of 
the recording electrodes (fig. 2). 

The site of development of the myotonic response to 2 , 4-D was delimited par- 
tially by injection of sufficient d-tubocurarine chloride to block completely any muscle 

’ Generously provided by E. R. Squibb and Sons, New York, N. Y., and by Abbott Laboratories, 
North Chicago, 111 . 

* Generously provided by Hoffman-LaRoche, Nutley, N. J. 
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response to indirect stimulation. Under these conditions, flircct electrical or me- 
chanical stimulation of curarized muscle produced increased twitch tension, pro- 
tracted relaxation time and repetitive response indistinguishable from that observ'ed 
in non-curarized muscle (fig. 3). The triceps surae, denervated 10 days before ex- 
amination, also developed myotonia in response to 2,4-D despite obvious atrophy. 



Fig. I. IkdIRECT STIMULATION' OF THE TRICF.PS SUEAE BY THE SCIATIC N'ERA'E. A. I. Noima 
tnyogram, 2-5, Consecutive myograms, 120 min. after 40 mg. of 2,4-D, in response to stimul 
delivered at a rate of la/min., illustrating decreased duration and the phenomenon of 'warm-up’. 
6. Time: 50 msec. 7. Tension: 200 g. B.i, Normal clectromyogram. 2-5. Consecutive records 
as in A. 6. Voltage: 200 /iV. 7. Time: 50 msec. 



Fig. 2. Indirect stimulation ^vnd mechanical tapring. A. 1. Normal myogram. 2. 
30 min. after 30 mg. 2,4-D. 3. 39 min. after 60 mg. KCl (same preparation as 2). 4. Time: 50 
msec. 5. Lower line: zero tension; middle line: resting tension of 143 g.; upper line: 200 g. B. 
Electromyogram in response to a brisk tap on tendon, i. Normal. 2 & 3. Corresponds to A2 and 3. 
4. Voltage: i tiV. 5. Time: 50 msec. 

The familiar simple diphasic electrogram of ner\*e stimulated by a brief single 
shock is recorded in figure 4 (ii). One hour after administration of 2,4-D a similar 
single stimulus evoked a volley of potentials which arose in the nerve proper, 
since it had been isolated from both central and peripheral structures. 

Certain agents which modify spontaneous myotonia were studied for their effects 
on the myotonia produced by 2,4-D. JPofassinvi, 5.4 mEq/kg. i-p, elevated the 
serum concentration from a normal level of 5 mEq/1. to 10 to 14 mEq/1. in 20 to 30 
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Fig, 3, Completely cuRARizED preparation; DIRECT smruiATiON. A.i. Normal myogram 
2. 4S min. after 40 mg. 2,4-D. 3. Tension: 200 g. 4. Resting tension: 125 g. 5. Time: 50 msec. 
B. I. Normal myogram. 2. 45 min. after 40 mg. 2,4-D. 3. ii min. after 20 mg. quinine. 4. 
5 min. after additional 20 mg. quinine. 5. 10 min. after 4. 6. Tension: 200 g. 7. Resting tension: 
200 g. 8. Time; 50 msec. C. i. Normal electromyogram. 2 & 3. Consecutive sweeps 40 min. 
after 30 mg. 2,4-D, illustrating an unusually prolonged period of silence (600 msec.). 4. 5 min. after 
40 mg. quinine (irregularity of trace is owing to 120 cycle interference). 5. Voltage: i /lY. 6. Time: 
50 msec, (referring to 1-3). 7. Time: 50 msec, (referring to 4). 



Fig. 4. Diphasic action potential prom tibial nerve, i. Normal. 2. 15 min. after 30 
mg, 2,4-D. 3. 60 min. after 2,4-D. 4. Voltage: 200 /xV. 5. Time: 30 msec. 

minutes. This increase in serum concentration presumably was reflected rapidly in 
the interstitial fluid surrounding the muscle cells, but analyses of the total muscle 
itself revealed no significant increase in total K content. We have confirmed 
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' Walker’s findings that in the normal rat this distortion of relationships resulted 
in a heightened and lengthened tension response to both direct and indirect stimu- 
lation and in repetitive firing of the muscle in response to a single stimulus (12), The 
administration of KCl to a rat in full course of response to 2,4-D produced a further 
potentiation of the myotonic response and in degree of repetitive firing (fig. sB). 

Increased sensitivity to acclylcholiucwas demonstrated by injecting 100 /ig. intra- 
arterially (ii). In the preparation described here, this injection elicited a few small 
scattered spike potentials in the eleciromyogram. After treatment with 2,4-D the 
same amount of acetylcholine evoked an c.vplosive and prolonged burst of electrical 
activity. 

Qidvijic has been shown to reduce or obliterate the myotonic response occurring 
spontaneously in man (13, 14) and goat (6, S). The same effect was produced on 
myotonia induced in the rat by 2 , 4-D. The myogram revealed a lov/ering of tension 
following administration of quinine (fig. 3B). There are certain characteristics of 
this response which warrant noting. First, tension developed after the second dose 
of quinine fell to 54 per cent of the control twitch; and second, the duration of the 
twitch was not reduced. The effect of quinine on the responses induced by 2,4-D 
is shown in figure 3C where the characteristic repetitive firing of the muscle was 
obliterated. 

Alpha-tocopheryl phosphale, when injected i-p in relatively large doses into normal 
rats, produces profound generalized effects: somnolence, ata.xia, muscular flaccidity, 
coma and, occasionally, death following convulsions (15). WTien administered per- 
orally to two patients with myotonic dystrophy a suggestive decrease in spontaneous 
myotonia was obsen'ed (16). Injection of a-tocophcr}d phosphate in the rat, which 
had received 2,-4D, obliterated the evidences of myotonia as effectively as 
did quinine. 

Similar suppression of repetitive response followed injection of viagncsium and 
calcium. 


DISCUSSION 

The neuromuscular apparatus of the rat, treated with 2,4-D, mimics faithfully 
the characteristics of myotonia occurring spontaneously in man and goat. In both 
circumstances, muscle exhibits exquisite sensitivity and repetitive response to several 
stimulating agents: motor nerve volley and direct stimulation, tapping, insertion of 
needle electrodes, acetylcholine and K+ (6). Furthermore, in both instances, re- 
peated stimulation (‘warm-up’), quinine, Mg++ and Ca*^ diminish and obliterate 
the repetitive phenomenon. Alpha-tocopherjd phosphate now may be added to the 
list of agents inhibiting repetitive responses in botli spontaneous and induced 
myotonia. 

These effects of 2,4-D, producing a myotonic reaction so reminiscent of the 
spontaneously occurring forms, are indistinguishable, likewise, from the consequences 
of treatment with a variety of substances; e.g., the ‘veratrine’ alkaloids derived from 
Veralrim and ScJioenocatdon, aldehydes, tetraethyl ammonium ions, phenanthrene-9- 
carboxylic acid and substituents, and dihydronaphthacridine carbonic acid 
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(Tetrophan) (17). To this heterogeneous group we have added recently pentameth- 
)dene tetrazol (Metrazol) (18). 

Many, and perhaps all, of these diverse veratrinic substances, however, produce 
the same repetitive response in nerve that they produce in muscle. It has not been 
established in spontaneous myotonia whether or not this repetitive phenomenon 
occurs in nerve as well as in muscle; nevertheless, some observations have suggested 
that myotonia in man is accompanied by functional changes not limited to muscle 
fiber proper (19). Indeed, it is reasonable to view repetition as a stereotyped re- 
sponse of excitable tissue (ner\’-e, neuromuscular junction and muscle) to many un- 
related alteratives which may play r 61 es of differing intensity on all excitable struc- 
tures. A tentative exploration of this possibility might begin by examining the 
circumstances in which repetition has been observed. 

In order to limit the analysis, only those instances of repetitive response to single 
stimuli have been considered; obviously, this limitation excluded other important 
changes in excitability manifested by spontaneous firing or by measurable changes 
in pre-discharge conditions, such as threshold, resting potential, recovery cycle etc. 
(20, 21). The appearance in excitable tissue of repetitive, rhythmic responses to a 
single stimulus occurs under the most diverse of circumstances, as for example: a) 
increased external hydrostatic pressure (22); b) stimulation by constant rectangular 
currents (23); c) increased external concentration of (20, 24), K+ (12), acetate, 
lactate, citrate and oxalate (24), Ba"*^ and guanidine (25), adenosine triphosphate 
(26), DDT and quinoline (27); d) decreased external concentration of Ca*^ (28); 
e) inhibition of cholinesterase activity at the neuromuscular junction by eserine (ii), 
neostigmine (29) and DFP (30) ;/) tetanus toxin affecting the neuromuscular junction 
(31) ; g) treatment with that heterogeneous group of substances which produce vera- 
trinic effects (17); and h) spontaneous myotonia in man and goat. 

In the face of our fragmentary knowledge of processes subservdng excitability, 
the incongruity of those conditions and agents producing repetitiveness makes it ex- 
tremely difficult to apply any unifying concept which can explain aU of the obser- 
vations noted above. An example of the difficulties encountered in a simple approach 
is contained in an attempt to analyse the phenomenon of repetitiveness in terms of 
distortions of cationic viilieu. Preservation of totally normal function depends on 
maintenance of concentrations of Na+, K+ and Ca"^ within certain limits. Could 
these many agents act by disturbing the required cationic patterns? Simple in- 
spection of the structure of the veratrinic agents reveals their variation through al- 
most full scale with respect to chemical activity, steric and physical characteristics; 
some are potential metal sequestrants or precipitants, others totally inactive. Lack 
of any common characteristic is emphasized not to imply that a unitary pattern of 
action is non-existent but to stress the necessity for fitting many divergent obser- 
vations into any proposed scheme. 

It seems likely that these many different forces and agents may act at different 
loci in the complicated train of events responsibledor the smoothly integrated flow 
of energy which maintains normal excitability. Only vague clues exist to suggest 
certain possible sites of action. 

For example Lorente de No, from an elaborate analysis in frog nerve, suggests 
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that, “Vcratrine by reducing the speed of or blocking some late step in the chain of 

oxidative processes interferes with the maintenance of the membrane potential ” 

(24). From a study of plants and micro-organisms comes suggestive evidence that 
2,4-D distorts mechanisms involved in the transfer of oxygen (32, 33). Compatible 
wdth, but not proving, this suggestion is the suppressive action of Mg^ on veratrinic 
phenomena (24) and the similar action of a-tocophcryl phosphate which is so potently 
antioxidative as well as antiprotcolytic (15). 

Models of excitability or cnerg\' transfer expressed in terms of chemical or phys- 
ical structure, enzymatic activity, surface activity or membrane potential, may ex- 
plain some or many of the obsen.-alions; but none, as yet, has been offered in satis- 
factory interpretation of all the data. 

The phenomenon of the silent period intervening between the normal single 
spike potential and the outburst of repetitive spikes following treatment witli 2,4-D 
is the same as that described by Eichler in the frog treated with small amounts of 
Veratrine’ (34). A speculative interpretation of this phenomenon might assume 
exponential decay of facilitating and depressing processes initiated simultaneously 
by the stimulus (35). If under the obscr\'cd circumstances the depressing process 
decayed so rapidly that the facilitating process remained unop{X)Scd, then a burst of 
activity might be released. The data available do not permit a more specific analysis. 

- SimiL\RY 

2,4-dichlorphcnoxyacctatc produces in the neuromuscular apparatus of the rat 
a veratrinic response marked by repetitive response to single stimuli in muscle and 
nerve. This results in increased ‘twitch’ tension and prolonged ‘twitch’ duration. 
The repetitive responses and their sequelae are accentuated by and acetylcholine 
and are obliterated by activity, quinine, Mg"^, Ca++ and a-tocopherjd phosphate. 
These phenomena are indistinguishable from those occurring in the spontaneous myo- 
tonia of man and goat, and also in response to several apparently unrelated chemical, 
physical and electrical agents. 

We arc deeply indebted to Dr. S. A. Talbot for designing and supervising construcUon of the 
electronic instruments used in these studies. 
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EFFECT OF ]\IECHANICAL \TBRATION ON THE PA'J’ELLAR 

REFLEX OF THE CAT' 


DAVID E. GOLDMAN 
From the Navol Medical Research Jnstitulc 


BETilESDA, 

I N 193S Coermann (1) surveyed some of the physiological effects of the exposure 
of man to mechanical vibration in the frequency range 20 to 1000 cps. One 
of the few positive results obtained was that, during the operation of a \’ibrating 
platform on which a human subject was seated, it was difficult or impossible to obtain 
the patellar reflex. This phenomenon was further investigated by Loeckle (2). 
Briefly, the latter found that the application of a vibrating rod to the skin area over 
the course of the femoral artcr}% vein and nerve of a human subject produced aboli- 
tion or reduction of the reflex, whereas if the rod was applied directly to the quadriceps 
muscle, no inhibitor}^ effect was found. Further, in one experiment on an anesthe- 
tized cat, he found that application of the vibrator to the femoral artery which had 
been lifted free from the surrounding tissues for a distance of a few cm. abolished the 
reflex. When the artery- was stripped of its adventitial layer, the inhibitory' effect 
vanished. In addition, he studied an individual on whom a unilateral lumbar sym- 
pathectomy had been performed one year before. On the sympathectomized side 
only it was found impossible to inhibit the patellar reflex by vibration. He used fre- 
quencies from 30 to 100 cps. and amplitudes up to about one mm. Loeckle naturally 
concluded that the inhibition was mediated by the sympathetic fibers of the periar- 
terial plexus and the sympathetic ganglionic chain. 

Echlin and Fessard (3) applied a vibrating tuning fork (85-530 cps.) or a vibrat- 
ing steel strip (5-32 cps.) to a muscle or its bony support, and recorded nerx'e action 
potentials. The potentials tended to be synchronized with the vibrating stimulus. 
Sommer (4) obtained electromyograms from the biceps of the vibrated arm of a man 
(37 cps.). These potentials were also synchronized with the vibration. On the other 
hand, Loeckle’s electromyograms of the human quadriceps showed no such impulses. 

In view of these obsen’ations, the role of tlie autonomic nerv'ous system in 
mediating the reflex inhibition seems doubtful. The intrinsic interest of these phe- 
nomena, together with their practical importance in relation to human e.xposure to 
vibration, justified further experimental w'ork. 

MATERIAL AND METHODS 

Successful experiments were carried out on 7 cats. Two of these experiments also involved 
decerebration and two more, lumbar sj'mpathcctomies. The animals were anesthetized with ether 
and the quadriceps femoris was exjjosed together ■nith its tendon, nerve and vascular supply, using 

Received for publication July 15, 1948. 

1 The opinions or conclusions contained in this report are those of the author. They are not 
to be construed as necessarily reflecting the views or the endorsement of the Navy Department. 
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great care not to damage these structures. The nerve supply to antagonistic muscle groups was 
severed. 

IMechanical \ibration was applied with a permanent magnet loud speaker from which the cone 
had been removed and to which a rod 6 inches long by i-inch diameter had been fixed. The device 
was driven by an audio oscillator and a 15-watt public address system amplifier. It was mounted 
on an adjustable stand over the animal operating board so that it could be lowered vertically into 
contact with the part to be stimulated. The vibrator also could be applied manually in other 
directions. Observations of the wave form of the vibrator indicated roughly 10 to 20 per cent 
harmonic content. Frequencies of 10 to 600 cj'cles per second were used. The maximum amplitude 
obtainable at the lower frequencies was about 1 millimeter, with less at the higher frequencies. 
For most purposes, 100 cycles and about i-millimeter amplitude were used. The patellar reflex 
was elicited by regular, controlled tapping of the tendon. 

RESULTS 

the vibrator was applied directly to the belly of the muscle or to the tendon 
or the femur, the knee jerk was much reduced or was abolished entirely. The effect 
appeared immediately upon applying the vibrator and disappeared immediately on 
removing it. The muscle was often seen to undergo a slight contraction which per- 
sisted as long as the vibrator was applied. Application of the vibrator to the artery 
in situ occasionally produced a very slight diminution of the reflex. However, when 
the artery was lifted free from the underlying structures for a distance of a centi- 
meter or so, no inhibitory effects could be obtained. 

Two cats were also decerebrated and further prepared to observe contraction of 
the quadriceps by elicitation of the crossed extensor reflex (stimulation of the central 
cut end of the opposite sciatic nerve). During application of vibration, with the 
patellar reflex inhibited, the crossed extensor reflex was easily obtained. In another 
experiment, after obtaining the reflex responses and their inhibition by vibration, 
the animal was subjected to a bilateral lumbosacral sympathectomy. This pro- 
cedure had no observable effect on either the patellar reflex or its inhibition by vibra- 
tion. Subsequent stripping of the adventitia from about a centimeter of femoral 
artery just below the fossa ovalis left both the reflex and its inhibition unchanged. 
In another cat a unilateral sympathectomy was performed and both thighs examined 
as described above. No difference in either the reflex or its inhibition was found be- 
tween the two sides. 

It is evident from the above findings that the inhibitory action of vibration need 
have no direct dependence on the presence of sympathetic pathways. The likeli- 
hood is, therefore, that the inhibition is only apparent. The vibration itself may 
stimulate the reflex periodically and thus make it very difficult for a superimposed 
stimulus to be effective. The tapping of the tendon is apparently a stimulus of too 
great duration to be effective in competition with vibratory stimulation at 100 cycles 
per second. However, stimulation at frequencies low enough to give a period longer 
than the duration of a tap should permit at least occasional tapping stimuli to pro- 
duce a reflex; In order to test this, the vibrator was applied at frequencies of 10 , 
15, 20, and 30 cycles. It was then observed that with lo-cycle vibration most of the 
tendon taps produced a response. At 15 cycles only about one half of the taps pro- 
duced a response. At 20 cycles, roughly one-quarter were effective, and at 30 it was 
only rarely possible to obtain the reflex contraction by tapping. 
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In addition, the effects of increasing the frequency of Nubration beyond loo cps. 
were observed. In three experiments it was found that tlic vibration became inef- 
fective as an inhibitory agent at frequencies of from 300 to 600 cycles per second. 
It is not clear how far this results from a falling off of the amplitude and how far it 
depends on frequency characteristics of the sensory receptors. 

DISCUSSION* 

The above c.xperiraents are consistent with the following interpretation. Vibra- 
tion produces a periodic, synchronous stretch refle.x in which many of the muscle re- 
ceptors are involved. There is thus a slight continuous contraction of the muscle and 
tapping the tendon is now ineffective since the reflex arc is in steady use. However, 
this does not involve all of the motor neurons since muscular contraction is obtain- 
able via other routes, in this case the crossed c.xtensor pathways. Also, it is generally 
accepted that a r6le of the sympathetic nervous system is to enhance rather than to 
inhibit muscular activity. As far as the specific rcfle.x studies here are concerned 
there is at this time little evidence of any direct intervention of the autonomic nerv- 
ous system although it is known (5) that stretch and other muscular reflexes may be 
affected by autonomic stimuli. One is inclined to interpret Loeckle’s findings on the 
cat as artifacts referable to the practical difficulty of handling the vibrator and to the 
mechanical transmission of the vibratory motion from the artery to the muscle. 
Also, he used a fixed anesthetic (pernoston) which may have had a depressant effect 
on the reflex mechanism. His observations on the human sympathectomized sub- 
ject, however, still require explanation. There is no e\*idence available at present 
for elucidating this. 

The phenomena described here are of some practical interest in connection with 
the ex^iosure of human beings to vibrating machinery etc., or to verj' intense sound 
fields. A number of unconfirmed incidents have at various times been reported in 
which such exposures apparently produced muscular weakness, especially in the lower 
limbs, and even led to collapse, without, however, any injuiy occurring. The above 
observations suggest that there may well be a genuine physiological basis for these 
experiences. Further work wiU have to be done before any quantitativ'e relation- 
ship can be established between the phenomena and the mechanical forces producing 
them. 


SOmiARY AND CONCLUSIONS 

Experiments on the effects of mechanical vibration on the patellar reflex of the 
cat confirm previous observations that such vibration produces an inhibition. It is 
shown that the inhibitory phenomenon is readily explained on the basis of vibratory 
excitation of the reflex itself. The autonomic nervous system plays no direct part in 
the phenomenon. The inhibition appears between 10 and 30 cps. and fades out 
gradually above 300 cps. with the apparatus used. It is suggested that the inhib- 
itory phenomenon may underlie certain effects of the exposure of man to mechanical 
vibration or intense sound. 
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CARBAMATE CONDUCTION BLOCK IN 
FROG NERVE FIBERS 

FREDERICK CRESCITELLI> 

From the Department of Zoology, University oj California 

. LOS ANGELES, CALIEOENIA 

I N A previous communication (i) evidence was given for the appearance of a 
small, but significant increment in resting potential in a region of living frog 
sciatic nerve treated with any one of a series of four homologous carbamates. 
In the concentrations which elicited this positivit}' the carbamates also produced a 
readily reversible conduction block in the A, B and C fibers. It is the object of this 
report to describe certain features in the action of these narcotics in producing this 
conduction block. 


EXPERnrENTAL PROCEDCEE 

The procedure has already been described in some detail (i). The carbamates (ethyl-, n- 
propyl-, n-butyl- and n-amyl-carbamatc) were dissolved in phosphatc-Ringcr’s solution at a pn of 
7.3 and applied to a 25 mm. segment {segment A) of isolated frog sciatic nerve. The centra! sciatic 
stump was stimulated at a rate of 6 to 12 shocks per minute by means of an electronic stimulator. 
The monophasic action potentials, recorded oscillographically, were led off from the nerve distal to 
segment A. Conduction block in segment A was therefore indicated by a gradual decrease in the 
spike height. The shock strength and sweep were adjusted differently in different experiments so 
as to study the impulses in the A fibers alone, the A and B fibers or the B and C fibers. The experi- 
ments were performed at the constant temperature of All other conditions were as previously 

described (i). In this investigation 41 ncr\'cs were employed. Of these, 38 were from the bullfrog 
{Ratio catesbiana) and three from the grass frog {Rana pipiens). 

RESULTS 

Effect of Previous Trcalmcnl 

When any one of the carbamates tvas added to segment A in place of Ringer’s 
solution there occurred a gradual reduction in height of the A (fig. 6), the B (fig. 3 
and 5) and the C spikes (fig. 5). A plot of the spike amplitude (in percentage of the 
original height) against time gave curv^es (figs, i, 2 and 4) which describe the course 
of block well enough for purposes of this report. Such curves permitted the selection 
of some arbitrary point, e.g. the time for reduction of the spike to the 50 per cent 
level, which then ser\'ed as a descriptive time characteristic for the block action. 
When a nerve was tested repeatedly during the course of 15 to 20 hours with the 
same concentration of any one of the carbamates the time course of block for any one 
group of fibers varied from test to test. One important factor in this variability was 

Received for publication September 3, 1948. 
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Table i. Three-test EXPERniENT oa 12 nerves 
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The carbamates are indicated as E (ethyl), P (n-propyl), B (n-butyl), A (n-amyl). In col- 
untn E are indicated the times after washing out the previous carbamate that the indicated tests 
were made. The ratios of the times to 50 per cent reduction of the A spike of the test i to test 
2 (^column G) and the test i to test 3 (.cohmn E) figures are given. 

83 

























84 FREI)]:R1CK CKESCITEUJ VrJumcTSS 

tlic occurrence of a residual sensitivity in the nerve which remained after exposure to 
carbamate. A typical illustration of this effect for the A group of fibers is given in 
figure lA, Curve i shows the block’ action following the initial treatment with 
carbamate; in this case amyl carbamate, o.ooSM, Rccoveiy' of the A spike required 
about 6 minutes after removing the carbamate and washing out segment A with 
Ringer’s solution (fig. iB). A second and similar test was then repeated on the same 
nerve at 15 minutes after removal of the carbamate of the first e,xperiment. Block 
(curve 2) developed earlier, although recovery was much the same as with the first 
experiment. A third repetition of the c.vpcriment (curve 3) at 57 minutes after re- 
moval of the carbamate of the second test demonstrated that the time course of block 
was approximately similar to that of the initial experiment. A summaty’ of the 
data (table i) on 12 nerves offers statistical evidence that the course of block in the 
A fibers was significantly faster when the nerves were tested 15 minutes or less after 
removal of the carbamate of the first test than if the nerves were tested an hour or 



MINUTES 


Fig. 1. TniE coCT-sn of block (/I) and recover}’ 
(J 3 ) of the A fibers folloiving the addition and rcmoral 
of amyl carbamate (o.ooSii). Data forcur%-c i {points) 
were obtained after the initial addition of drug. 
Curve 2 {circles) shows the results of the second addi- 
tion of drug at Uie 15-min. point in the recovery from 
exper. I, Curve 3 {triangles was obtained at the S 7 ‘ 
min. recovery point of exper. 2. 


longer after the removal of the drug of the second test. Thus in a comparison of the 
ratios for the 50 per cent block time (table i), the algebraic mean of the test i to test 
2 ratio was 1.63, significantly greater than unity, whereas the corresponding mean for 
the test 1 to test 3 ratio was 0.94, not significantly different from unit}'. The occur- 
rence of a heightened sensitivity which persisted for a time after removal of the car- 
bamate and then disappeared may be related to the residual positivity which was 
previously shown (i) to outlast the conduction block. It is not known whether these 
residual effects represent true delays in recovery of those physiological processes 
which were affected by the carbamate molecule or whether they represent the action 
of residual carbamate which was only slowly removed after w’ashing. 

Most of the experiments to demonstrate the residual sensitivity were carried out 
with the A spikes as indices of response. A few tests made on the B fibers indicated 
that the same phenomenon also appeared w'ith this group. No examination was 
made of the C fibers for residual sensitivity. 
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Relative Activity of the Different Carbamates 
The alkyl carbamates are known to be surface active compounds whose surface 
activity increases as the alkyl chain is lengthened. If conduction block involved an 
adsorption of the narcotic at a surface, the effectiveness of these compounds in pro- 
ducing block should increase in going from the ethyl to the amyl ester. This increase 
was actually observed. The time course of block of the A fibers with different con- 
centrations of any one carbamate varied in the manner indicated by the curves of 
figure 2A, obtained with n-butyl carbamate. From these and similar curves it was 



MINUTES 

Fig. 2. Series A. Time course of block in the .<4 fibers with butyl carbamate of concentra- 
tions o.o25m(i), o,o23m(2), 0.02011(3) and o.oi8m(4). At least i hr. was allowed for recovery be- 
tween each experiment. Series B. Approximately matched responses of a nerve to 3 carbamates: 
propyl carbamate (0.0711), shown as points; butyl carbamate (0.01811), as cirdes; and amyl carbamate 
(0.0065M), as triangles. Liquid-air surface tensions of these 3 solutions, as interpolated from curves 
of surface tension versus concentration (measurements with a tensiometer) were 61.7, 62.8 and 57.5 
dynes/cm., respectively. Series C. Approximately matched responses of a nerve with; ethyl 
carbamate (0.2111), as triangles; propyl carbamate (0.0711), as points; and butyl carbamate (o.oiSm), 
as circles. The liquid-air surface tensions of these 3 solutions were 62.8, 61.7 and 62.8 dynes/cm., 
respectively. 

then possible to compare the concentrations of the different carbamates which gave 
approximately the same block curve. The relative effectiveness of the propyl, butyl 
and amyl esters are compared in figure 2B while a similar comparison for the ethyl, 
propyl and butyl compounds is shown in figure 2C. The carbamate concentrations 
which gave these approximately matched pharmacological responses also reduced the 
surface tension of Ringer’s solution to about the same degree (fig. 2 legend). The 
relative effectiveness of these compounds in blocking conduction was thus roughly of 
the same order as their ability to reduce surface tension. 

Differential Sensitivity of the Fiber Groups 

A. B fibers. Much evidence was obtained to show that the different fiber groups 
of the bullfrog sciatic-peroneal nerve responded quite differently to these narcotics. 
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In this action all four carbamates behaved similarly. The most sensitive fibers 
proved to be those of the B group. These cea.scd conducting before cither the A or 
the C fibers. A typical examjilc of the differentiation between the B and A groups is 
shown in figure 3. In a number of c.xperimcnts tiic B spike was completely abolished 
while the A spike was still at its original level, indicating that all the B fibers v.-crc 
blocked before any significant number of A fibers had ceased conducting (fig. 4). In 
recovery, the B fibers, as a group, lagged significantly behind the A fibers (fig. 4). 
The data from 1 1 cxjieriments show that on the average the time to reduce the spike 
to half its original value is about three times as great for the A as for the B group of 
fibers (table 2). 



Ilg. 3. DirrEP.ESTIAI. COKDCCriOK BLOCK 
of the A and B fibers by propyl carkunate 
(0.07M). Record i is the Ringer’s sol. control. 
The others were photographed 4'(2), 7*(3)» 
8 '(4), 9'(5), io'(6), i3'(7), iS'(8), e4'(o) ami 
3o'{io) after adding the drug. Recover}' is 
shown at 4'(i2) and 7'(i3) after washing out the 
drug. The 60 c.p.s. time line is in record 14- 
Record ii indicates that some of the C fibers 
were still conducting after both .4 and B groups 
were all blocked. 





A comparison of the B and C fibers is made in figure 5. In tliis e.xperiment com- 
plete block in the B fibers occurred with no significant reduction in the C2 action. 
Two experiments in which the C spike was sufficiently developed to permit accurate 
measurements are included in the data of table 2. 

B. A fibers. As is well known (2) the A fibers of the bullfrog sciatic nerve con- 
sist of several groups which appear as discrete peaks in the compound A spike. It is 
of interest to inquire whether these components of the A group can be differentiated 
in any way through the action of the carbamate molecule. Generalization is made 
difficult and uncertain because of the varying behavior of different nerv^es or of even 
the same nerve at different examinations. Ignoring these variations, the results as 
a whole indicate some differentiation in the A fibers. The most prominent feature 
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of this differentiation was that the smallest (gamma) fibers were most resistant. A 
typical experiment (fig. 6) illustrates the persistence of some gamma fibers after all 
the alpha and beta fibers were blocked. A similar differentiation was obtained in 
eight nerves in which the gamma spike was distinct enough to be recognizable. 
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Fig. 4. Time course of block and recover in A and B fibers following tbe addition and re 
tnoval of propyl carbamate (0.0711). 


Table 2 . Differential sensitivity of frog nerve fibers 


NERVE 
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C. C fibers. It has already been indicated that the C fibers as a group blocked 
less rapidly than did the B fibers. A simultaneous comparison of the C and A fibers 
was not made because of tbe large artifact introduced into the A spike as a result of 
the increased shock strength and increased amplification required to bring out the 
C spikes. It was possible to show, however, in a number of experiments that when 
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Fig. 5. DirrF.RENTtAL COOTCCnOK BLOCK in the 
B and C groups of fibers by propyl carbamate (0.0711). 
Record i is the Ringcr’.s sol. control. The drug action 
is shown at a'Ce), 4'(3), 6'(4), S'Cs), and AS'il)- 

Rccovcr>' is indicated at i.5'(8), a'Cp), 3'(io)> 6'(ii) 
and io'(i2). Note persistence of the Cj action long 
after both B and Ci potentials had been abolished. 


It 
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Fig. 6. CoN-DuemoN block in the A group of 
fibers. Record i shows the A spikes with segment A 
in Ringer’s sol. The differential block by butyl 
carbamate (0.01711) is indicated in records 2-12, taken 
I4'(2), 2o'(3), 3o'(4), 34'(s)> 38'(6). 43'(7). 48'(8), 
5i^(9)i 5<>'(io), 68'(ii) and 72'(i2) after adding the 
drug. Amplitudes are not directly comparable in all 
records as the amplifier gain was increased between 
records 3 and 4 and decreased again between records 
12 and 13, indicated by change in size of the shock 
artifact. Recover}', incompletely indicated by records 
13-16, occurred after washing out segment A. These 
records were made at i.3'(i3), 2.3'(i4), 5 '(i 5 )> 
8'(i6) after washing. Record 17 is of the 1000 c.p.s. 
time line. 
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both B and A fibers had ceased conducting, an appreciable proportion of the C spike 
was still present. This is illustrated by the experiment in figure 3. Records 2 to lo- 
show the disappearance of first the B, then the A spike, so that record 10 shows no 
evidence of either A ox B fiber activity. Record ii was photographed one minute 
after record 10. It pictures the C action resulting from the increase in shock strength . 
The C spike in this record was about 60 per cent of the original C height at the begin- 
ning of this series. This experiment demonstrates the relative insensitivity to car- 
bamate of some C fibers. 

The C spike of the bullfrog sciatic-peroneal nerve was composed t3rpically of two 
components. In these experiments indications were obtained that Ci and C2 were 
also capable of being differentiated by the carbamates (fig. 5). The evidence at hand 
on this point is neither abundant enough nor certain enough to permit any further 
statements at this time. 


DISCUSSION 

Essentially, this report describes certain phenomena observed during conduction 
block in frog nerves treated with relatively dilute concentrations of the carbamates. 
Neither here nor in the existing literature is there sufficient information to permit a 
conclusion regarding the mechanism of action of these compounds in producing con- 
duction block. Nevertheless, certain statements may be made which assist in 
integrating some of the published data. In a previous report (i) reasons were pre- 
sented for the concept that the increase in resting potential following treatment of the 
nerve with these compounds may be associated with a decrease in permeability. 
Evidence already exists suggesting that carbamates in the proper concentrations are 
able to decrease the permeability of a number of cells (3-6). There is good agreement 
between the figures for the concentrations which have been reported to decrease 
permeability (5, 6) and which here have been shown to produce a readily reversible 
conduction block. 

At present a student of the nerve impulse is presented with two working hy- 
potheses: i) that conduction is associated with a transient increase in permeability 
(7, 8) and 2) that conduction block, at least with the carbamates, is associated with 
a decrease in permeability. It is of course a key problem and one which is the cause 
of much controversy to decide whether the passage or release of some specific sub- 
stance is the primary event in conduction and if so to reveal the nature of this sub- 
stance. Narcotics, such as the carbamates, might then be visualized as causing 
block by interfering with the release of or preventing the passage of such an essential 
substance. The immediate problem appears to be whether substances like the 
carbamates may interfere with the release or transfer of K.+. Hodgkin and Huxley 
(8) recently reported that the increased conductance following activity in isolated 
axons of Carcinus maenas was associated with the release of a substance having effects 
on conductance similar to the effects of K'*'. Shanes (9) has also considered this 
problem in relation to the mode of action of cocaine. He concluded that the permea- 
bility of muscle and nerve to K+ is reduced by this narcotic. All these studies open 
several paths for future investigation. 

The differential fiber sensitivity of frog nerves to carbamates resembles the 
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differential effects of hypoxia or anoxia. It has been shown (10, 1 1) that the B fibers 
in mammalian nerves are most quickly blocked by lack of ox'ygcn while the C fibers 
are the most resistant. A similar behavior of bullfrog ncr\’es has recently been re- 
ported (12). The similarity in response of nen'c to anoxia and to the carbamates 
may be simply coincidental, but it is of interest to point out that the carbamates in 
the same range of concentrations as employed in this work are able to depress the 
oxygen consumption of many living cells (13-16). 

The differential blocking action of the carbamates does not resemble the action 
of other narcotics. Cocaine, for example, has been reported to block the C fiber 
group before the A fibers (17). Procaine appears to have a similar action (r8). 
Moreover, in contrast to the carbamate type block, cocaine is known to affect frog 
and mammalian A fibers differentially, with the smaller fibers blocking first (17, 19). 
Ether and nembutal have been reported (20) to act differentially on the fibers of the 
turtle vagus nerx'e with the C, B and A fibers blocking in the order named. In an 
interpretation of the selective action of cocaine on the A fibers, Gasser and Erlanger 
(19) suggested that either the thinner mj'clin sheath or the greater surface per volume 
ratio might be responsible for the greater susceptibility of the smaller fibers. It is 
obvious that neither of these suggestions is adequate to c.xplain the carbamate tj'pe 
of differentiation. Lorente de No (12) has also emphasized the point that the thick- 
ness of the myelin sheath appears to have little to do with the action of a number of 
substances. The work of the Japanese investigators (21) showing that the nodes of 
Ranvier are regions of particular sensitivity to narcotics may render irrelevant any 
consideration of the m3'^elin sheath as a barrier to the penetration of substances. 

SUMilARV 

Certain features in the blocking action of ethyl-, n-propyl-, n-but\’l- and n-amyl 
carbamate are described. These esters were able to block selective!}* the different 
fibers of the bullfrog sciatic nerve. The B fibers as a group were most readily 
affected. The time to reduce the spike height to 50 per cent of its original level was 
about three times as great for the A fibers as for the B fibers. Among the A fibers, 
the gamma fibers were typically most resistant. There was some difference in 
behavior of the different C fibers but a large proportion of them were able to conduct 
after all A and B fibers had been blocked. The relative effectiveness of the four 
different carbamates in blocking the A fibers was found to be approximately the same 
as their relative effectiveness in reducing surface tension. Evidence for the existence 
of a period of heightened susceptibility to block by carbamate was noted following 
the washing out of a previously added carbamate and the complete recovery of ability 
to conduct. 
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SHOCK DUE TO HEAD INJURY IN THE FROG 

LOUIS MOREAU* 

Vrom the Zoological Laboratory of the University oj Feymsylvania 
PillLADELPIOA, PENNSYLVANIA 

D eath from head injurj’’ in the absence of demonstrable histo-pathological 
changes has long been an enigma (1-3). Evidence has been reported (3) 
for the role of a reversible ‘molecular reaction’ in the concussional state. 
In this report the concussional state was shown to be independent of vascular spasm, 
hemorrhages, stasis of the brain, fat embolism or any other detectable histopathologi- 
cal lesions. Earlier work in this laboratory (4) has shown that in electrical injury 
to the brain there is released into the blood stream a toxic factor that has thrombo- 
plastic properties. There are other suggestions of a possible connection between the 
phenomenon of toxicity and thromboplastic properties. The placental toxin, which 
is considered to play an etiological role in eclampsia, has been shown by Schneider to 
be thromboplastin (5). Moreover, thromboplastin has been shown to be involved in 
producing some of the toxic effects of muscle ischemia (6). Most of the literature on 
the relation of injury to protoplasmic clotting has been reviewed already by Heilbrunn 

(7-9)- 

The question arises as to whether head injury could be followed by the release 
of thromboplastic substances into the blood. If this is true, head injury should be 
followed by disturbances of the blood coagulation. The brain is an especially rich 
source of thromboplastic material (10, ii), and brain extracts have been shown to be 
highly toxic (12, 13). Thus, it is possible that head injury can produce toric effects 
not immediately due to nerve impulses. Accordingly, it was attempted to determine 
whether visible toxic effects would follow head injury in animals whose spinal cords 
had been severed; and, also, to record the associated changes in the blood-clotting 
time. 


aiETHODS 

Frogs, Rana pipiens, weighing 18 to 23 grams and of both sexes were chosen as 
the experimental animal. In all, 422 animals (including 164 controls) were used. 
Earlier experiments were performed without any special equipment. Head trauma 
was produced by grasping the frog and striking its head on the edge of a table. 
Afterwards, trauma was given with a light hammer, a stiff rubber tube or by crushing 
the head with narrow pliers. The best results were obtained with a traumatizing 
device. This device consisted of an arm powered by a rachet wheel so that it could 
be brought down repeatedly on the head of the animal with uniform force. Each 
turn of the wheel caused the arm to fall four times. 

In order to eliminate the effect of nerve impulses and muscular fatigue attendant 
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upon the convulsive effects of head trauma, the spinal cord was severed by means 
of a small knife made of flattened iron wire approximately 2 mm. wide. A small 
transverse incision was made over tlie foramen magnum with a scalpel. Then the 
knife was inserted straight across the spinal cord and moved sidewise two or three 
times. The main difficulty with this procedure lies in the excessive bleeding that 
may occur upon the accidental rupture of th(^ spinal vessels. All animals that 
showed excessive bleeding were eliminated from the experiments, for the reason that 
excessive bleeding leads to hemodilution, which results in prolongation of the clotting 
time. 

The clotting time of the blood was determined by the capillary method. 
Samples were obtained from tire exposed heart, by puncture with a capillary tube. 
The details and precautions of this method are given in the earlier paper (4). 

EXPERIMENTS 

General Effects of Head Injury upon the Frog with Transected Spinal Cord. In 
preliminary experiments 55 frogs were given head trauma by relatively inexact 
methods: striking on the table, using the light hammer, striking with a stiff rubber 
tube and crushing with pliers. Of these 55 animals, 14 went into irreversible depres- 
sion in 30 to 60 minutes; 14, in 6 to 8 hours; 10, in 8 to 10 hours and 12, in 12 to 24 
hours. 

It was noted that most of the animals with the longer survival time had received 
greater apparent injury: the skull had been crushed by the traumatic procedure. 
Most of the animals with shorter survival times had received less apparent injury. 
From these results it appeared that if a toxic factor was produced it did not always 
gain access to the general circulation. Occlusion of blood vessels resulting from the 
excessive bone and tissue crushing was tliought to be involved. 

The traumatizing machine was then made for the purpose of miminizing the 
crushing effects of trauma. With the arm adjusted so that the force of each tap was 
approximately 500 grams, 10 frogs were traumatized with 200 taps. When this 
method is properly administered in frogs (after transection of the spinal cord) it is 
not attended by any noticeable convulsive effects. The hind legs remain in a natural 
position. After the trauma there is a brief period (approximately 30-45 seconds) in 
which the hind legs are not responsive to pricking with a needle; but after this, they 
become normally responsive, although the frog does not move about on its own 
initiative. None of the 10 frogs traumatized with the 500 gram force was seen to 
show any signs of depression for at least 8 hours. 

The arm was readjusted so that the force of each tap would be approximately 
725 grams. Of 12 frogs given 200 taps, 10 were in irreversible depression within 35 
minutes. The remaining 2 succumbed in 4 hours. In frogs weighing 18 grams or 
more, this method of traumatizing produces no bone-crushing effects. This method 
was adopted for all the remaining experiments. 

The observable characteristics of depression due to head trauma were as follows: 
for about 30 to 45 seconds following trauma the hind legs were flaccid and unrespon- 
sive to prodding. After this they recovered normal reactivity for a variable period, 
but most commonly for 30 to 60 minutes; then a generalized depression followed. 
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This depression was characterized by a gradually decreasing responsiveness of the 
front and hind legs, accompanied by sluggishness of the corneal reflex. The corneal 
reflex sometimes outlived the responsiveness of the legs by 15 to 20 minutes, but 
sometimes was entirely lost before the legs became altogether unresponsive to 
mechanical stimuli. Usually about 15 to 20 minutes were required for the complete 
loss of reactivity of the legs. Thedieartbeat continued with gradually decreasing 
strength, force and rate for 2^ to 4 hours after the onset of depression. 

Depressant Effect of Transection of Spinal Cord. Spinal transection itself, with- 
out trauma to the head, produces signs of irreversible depression after a few hours. 
Seventeen frogs were transected and placed in a pan containing a small amount of 
water. The sundval time of these animals ranged from i to 20 hours (av. = 4.3 
hours). 

Another experiment was done in which 20 frogs were transected, but 10 of these 
were given head trauma, in addition. The animals were placed in similar containers 
and obser\'ed. The results are shown in table i, which shows that head trauma 
shortened the average sui^dval time by 75 per cent. 


Table i. Comparison of the sinivivAL time of frogs after transection of the spinal cord 

WITH and without head trau.\ia 
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Effects of Head Trauma on Blood Coagulability. A preliminary study made by 
Mr. J. T. Hicks, in this laboratory, showed that clotting time increased after head 
injury. The average clotting time in 128 untraumatized frogs was 3.6 minutes; in a 
separate group of 128 frogs, the clotting time 20 minutes after trauma was found to be 
1 2. 1 minutes. In these experiments the spinal cord was not transected. Trauma 
was given by striking the frogs on the edge of a table. The results of this experiment 
differ somewhat from those of other experiments and will be commented on later. 

Using the traumatizing machine after cord transection, the clotting time was 
found to be decreased immediately after trauma. Sixteen animals with transected 
cord were used as controls, and had an average clotting time of 3.2 minutes. In 10 
an ima ls with both cord transection and head trauma the average clotting time, 
immediately after trauma, was i.o minute. 

Another experiment on 5 frogs in which the clotting time was determined in each 
frog immediately before and after trauma also indicated a decrease, though not as 
marked, as in the previous experiment. The average clotting time was one minute, 
47 seconds before trauma, and one minute, 7 seconds after trauma. 

The next experiment consisted of serial determinations in which, for each ani- 
mal, the clotting time was determined at intervals over a period of time. Eleven 
test animals and ii controls were used. The test animals fell into two almost 
equally divided groups: one ivith a relatively high initial clotting time and the other 
with a relatively loiv initial clotting time. This difference in clotting times was 


October ip4S 


SHOCK DUE TO HEAD INJURY IN FROG 


95 



Fig. I. Effect of head injury on blood coagulability of frog. Upper curve, average 
values obtained for 6 frogs. It was not possible to obtain blood samples from one of the animals 
after 40 min., and from 2 other animals after 50 min. After these points the curve represents values 
obtained from the 3 remaining animals. Lovver curve, averages obtained from 5 animals. Sampling 
became impossible for 2 of the animals after 50 min. 



T ★ 10 20 30 40 50 60 70 80 90 



Fig. 2. Controls (tipper). Changes in blood-clotting time of 6 frogs with transected spinal 
cord, but no head injurjL 

Fig. 3. Controls (lower). Changes in blood coagulability in frogs which were not given head 
injurj’. Upper curve represents those with transection of the spinal cord; lower curve represents those 
which were given no treatment. 

encountered in frogs used in studying the effects of electrical injury (4). Possibly 
the reason for the differences in clotting time in these animals is that the experiments 
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were done during the summer. The frogs had been transported during the hot 
weather and some of them might have suffered some degree of heat injury. Never- 
theless, whatever the cause of the difference in clotting time it is not considered sig- 
nificant from the point of view of these experiments, since the effects of trauma were 
substantially similar in both the high and the low groups (fig. i). In these experi- 
ments the clotting time 20 minutes after trauma was not elevated. This differs 
greatly with the results of the previously mentioned experiment in which the spinal 
cords of the animals were intact and only one blood sample was taken. In this 
experiment the clotting time was distinctly elevated at 20 minutes after trauma. 
However, no definite statement can be made at this time to explain the difference. 

Eleven frogs senmd as controls. In 6 of tlie controls spinal cord transection was 
done before determining the clotting times. The results were similar in both groups. 
An idea of the degree of individual variation can be obtained from figure 2 wliich 
shows the curves obtained from the control animals with cord transected. Figure 3 
shows the average values obtained from the controls. 

DISCUSSION 

The foregoing experiments have showm that mechanical injury of the head can 
produce delayed, irreversible depression in the frog. The experiments wereplanned 
so as to eliminate factors other than circulatory. No amount of head injury was 
able to cause death when the injury was such as to crush the brain case and thus to 
impede the exit of cerebral blood to the general circulation. Therefore, it is most 
reasonable to deduce that the depression observed was due to the release of some 
toxic factor from the injured head into the bloodstream. 

In the past it has been abundantly shown that both anaphylactic shock and 
clinical shock are accompanied by prolongation of the blood-clottmg time (14, 15). 
Generally, it has been held that the prolongation of the clotting time, due to an 
excess of blood heparin, is the manifestation of a mechanism counteracting some in- 
creased thrombogenic tendency of the blood. In studies of tourniquet shock by 
Mylon el al. (16) release of the tourniquet was followed by an immediate decrease in 
the blood-clotting time. This was followed by an increase in clotting time. In the 
present experiments, there was obtained evidence for the role of a thromboplastic 
substance in shock due to head injury. It was observed that injury was followed by 
a disturbance of blood coagulation. This disturbance is characterized by an initial 
decrease in clotting time, followed by greater or lesser increases and decreases. 

The present experiments are corroborative of earlier experiments (to which 
reference has already been made, 4) on the effects of electrical injur5^ In these 
earlier experiments shock was accompanied by disturbances of blood coagulation 
similar to those in head injury. Moreover, in the experiments on electrical injury of 
the hind legs, the depth of depression could be controlled by the alternate application 
and removal of ligatures proximal to the injured areas. 

The findings recorded in these experiments are in accord with the theory that 
in injury shock a circulating toxic factor is involved; and that this toxic factor is a 
substance with thromboplastic properties. 
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SUMMARY 

Mechanical injury of the head produced profound physiological depression and 
death in frogs whose spinal cords had been transected. Regardless of the amount of 
trauma, the toxic effects were absent or decreased when trauma was accompanied by 
obstruction of the cerebral blood flow due to crushing of the skull. These obser- 
vations suggest the presence of a circulating toxic factor. Disturbances in the blood- 
clotting mechanism after injury indicate that the toxic factor is a substance with 
thromboplastic properties. These results are correlated with the results of previous 
work favoring the concept that thromboplastic substances may be involved in the 
pathogenesis of injury shock. 

The author wishes to give grateful acknowledgement to Professor L. V. Heilbrunn for his kindly 
interest and guidance in the conduct of this stud}'. 
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PULMONARY CAPILLARY PRESSURE IN ANIMALS 
ESTIMATED BY' VENOUS AND ARTERIAL 
CATIiETERIZATION 
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THOMAS D. KINNEY 

From the Dcparlmenl of Medicine and Pathology, Peter Bent Brigham Hospital and Harvard 

Medical School 

BOSTON', MASSACm;SETXS 

B y MEANS of the technique of venous catheterization of Cournand and 
Ranges (i), it has been possible to record pressures in the great veins, right 
auricle, right ventricle and pulmonary artery with suitable recording devices. 
This study describes a method by which the pressure in the pulmonary capillaries 
can be estimated by means of the venous catheter. 

itETHODS 

Dogs anesthetized with nembutal (40 mg/kg. intraperitoncally) were used in the present study. 
A no. 8 French catheter, 2.5 mm. in diameter, with a hole in the tip, was introduced into the e.^temal 
jugular vein and guided fiuoroscopically, as described elsewhere (2), into a branch of the pulmonary 
arterj'. It was pushed as far as possible and wedged in a distal ramification so as to obstruct the 
vessel. 

A no. 8 French catheter was introduced by way of the carotid arter>’ into a pulmonarj' vein on 
the same side of the lung as the first catheter (3). The carotid artery was exposed and two loops of 
silk served to lift the arterj' out of the wound and to occlude blood flow temporarily. A small opening 
was made through the arterial wall with a sharp no. 14 needle and a no. 8 French catheter was intro- 
duced through this hole into the arterial lumen. If a snug fit was obtained, no bleeding occurred and 
the silk stays could be removed. The catheter was guided fiuoroscopically into the ascending aorta 
by keeping the curved tip to the animal’s right. WTien resistance was encountered at the aortic 
valve the catheter was introduced through the valve into the left ventricle by gently withdrawing 
and advancing the catheter until it slipped through the valve during ventricular systole. The tip 
was then directed posteriorly and to the right and inserted further causing a bend to appear with its 
convexity to the left and nith the tip pointing medially and superiorly in the direction of the mitral 
valve. It was then advanced through the valve into the left auricle and into one of the pulmonary 
veins. Here it was wedged so as to obstruct the lumen of the pulmonary vein. 

A third catheter, no. 9 French, was introduced through the other jugular vein into a branch of 
the pulmonary artery of the opposite lung, but was not allowed to obstruct the vessel. This catheter 
was used for recording pressure in the pulmonarj' artery and for the injection of embolic material. 
Pulmonary embolism was produced by injecting through this catheter a one per cent suspension of 
lycopodium spores at the rate of 3 cc/min. into a local area of the lung distant from the location of 
the other two catheters. The purpose of this was to raise the pressure in the pulmonary' artery, 
pulmonary capillaries and pulmonary vein (4). Figure i is an X-ray of the chest with the three 
catheters in position. To determine the effect of respiration on the pressures recorded in the ob- 

Received for publication August 3, 1948. 
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struclcd arterj' and vein, Uvo experiments were performed with controlled respiration after the spinal 
cord had been pithed. 

The position of the catheters was verified by chest X-rays taken during the experiment, and all 
dogs were autopsied to confirm the location of the catheters and to allow pathological inspection of 
the cardiac chambers and lungs. 

Pressures were recorded with both the optical manometer of Hamilton (5) and a column of 
saline as is commonly used for measuring venous pressure. The zero point for all pressures was taken 
7.5 cm. anterior to the spine with the dog lying on its back. 


RESULTS 


The contours of the pressure curt'es recorded through the catheters occluding the 
pulmonarj' arter}'^ and vein were similar. As can be seen in figure 2, no pulse tvave 


Fig. I . ANTERO-POSTERIOR ROENT- 
GENOGRAM of chest showing loca- 
tion of catheters, a. Obstructing 
right lower lobar branch of pulmonarj' 
vein. b. Obstructing right lower 
lobar branch of pulmonarj' artery. 
c. Free in left lower lobar branch of 
pulmonary artery. 



was obtained but there was considerable respiratory variation in the recorded pres- 
sure, the pressure being lower in inspiration than in expiration by an average of 7 
mm. of Hg (tables i and 2). The small waves in the tracing were artifacts, presum- 
ably resulting from the bending of the catheter during ventricular systole. 

Mean pressures recorded through the catheter wedged into the pulmonary artery 
in 24 dogs varied between 2 and 8 mm. Hg with an arithmetical mean of 4 mm. Hg 
(tables I and 2). In 6 dogs in which the mean pressure was recorded simultaneously 
through the catheter obstructing the pulmonary vein the pressure was uniformly 
higher, on repeated determinations in each experiment, by an average of 4 mm. of 
Hg (table i). This same relationship was maintained in both inspiration and expira- 
tion with the exception of dog 82 in which it was reversed in both phases of respiration. 
However, in this animal the mean pressure through the catheter obstructing the pul- 
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Fig. 2 {left). Sniui-TANKOus p.kcordixg, with Hamilton manomettr, of pre.ssurc in blocked 
pulmonary artery (P.C.) and blocked pulmonary vein (P.V.). Xotc that contours of curves arc 
identical. 

Fig. 3 {right). Recording of pressure in obstructed pulmonaiy- vein (P.V.) showing rapid 
increase in pressure resulting from injection of i cc. of saline through the opposing catheter wedged 
into the pulmonary artery. 


Table i. Variations in pressure in an obstructed pulmonarv artery and vein in 6 normal 
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After onset of pulmonary hypertension produced by injection of lycopodium spores into pulmonary 

artery of opposite lung 
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monary vein was one mm. of Hg higher than through that obstructing the pulmonary 
artery. The mean pressures recorded by the saline manometer were in close agree- 
ment with the mean pressures obtained w'ith the Hamilton manometer. 

In one experiment, dog 82, catheters were wedged fortuitously into the pul- 
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monary artery and vein in the same part of the lung. Fluoroscopically, they appeared 
in juxtaposition when viewed in the right anterior oblique position. A rapid injection 
of I cc. of saline tlirough either catheter produced a sharp rise of over 50 mm . Hg of 
pressure in the catheter wedged into the vessel on the opposite side of the capillary 
bed (fig. 3), indicating not only a free communication between the two but also the 
relatively small volume of the intervening capillary bed. 

\Vhen the pressure in the pulmonary artery was raised by the injection of lyco- 
podium spores through a third catheter located in the artery (4) of the opposite lung, 

Table 2. Variations in pressure in pulmonary artery and in obstructed pulmonary 

ARTERY IN 18 NORMAL DOGS UNDER NEMBUTAL ANESTHESIA 
Values in mm. Hg 
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pressures recorded through the catheters wedged into the pulmonary artery and vein 
eventually became elevated but maintained their same general relationship, i.e. were 
higher on the pulmonary venous than on the pulmonary arterial side (table i). 

To determine the effect of respiration on the two pressures, two experiments were 
done in which the animal was maintained on artificial respiration after the spinal cord 
was pithed. Under artificial respiration, pressures recorded vdth the catheter in the 
pulmonary vein were higher than those recorded in the pulmonary artery. When the 
artificial respiration was stopped for one minute, both pressures fell about 2 cm. of 
water (fig. 4). The pressure through the catheter obstructing the pulmonary vein, 
however, continued to be higher than that recorded through the catheter obstructing 
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the pulmonary artery. Immediately after the heart failed to show electrical activity 
by electrocardiogram and therefore the flow of blood had ceased, the pressures meas- 
ured on the two sides of the capillary bed became equal (if corrected so that the tips 
of the catheters were at the same hydrostatic level). The induction of artificial 
respiration in this dead animal caused a slight increase in both pressures, but this rise 
in pressure was of the same magnitude in each. 

In the 6 animals in which the catheter was passed through the left side of the 
heart, 4 showed damage consisting of small endocardial hemorrhagic areas on the 
mitral and aortic valves and in one animal there was a subendocardial hemorrhage 
in the wall of the left ventricle. 

The catheter which obstructed the pulmonary artery for one to four hours pro- 
duced no changes suggestive of infarction of the lungs. 

Respiration on 1 Esperimint 0 I28P 



Fig. 4. Effect of artificial respiration on pressures recorded through catheters obstructing 
pulmonary artery (P.C.) and pulmonary vein (P.V.). 

Note i) that pressure on the venous side is almost uniformly higher than that on the arterial 
side; 2) that when blood flow ceases (death), the pressures fall to essentially the same level indicating 
that (i) above is an artifact due to blood flow; and 3) that when respiration is induced, both pressures 
increase slightb' (pumping action of the lung). 


DISCUSSION 

Anatomical studies of the vessels of the lung by histological and injection tech- 
niques have indicated the following features which are pertinent to the present study. 
The pulmonary artery undergoes a series of subdivisions finally ending in a rich plexus 
of freely anastomosing capillaries. Bronchial arteries likewise subdivide and end in 
capillaries which anastomose freely with the capillaries of the pulmonary artery. Id 
a review of the literature and from his own observations. Miller (6) concluded that 
there are normally no anastomoses between the bronchial and pulmonary arteries 
proximal to the pulmonary capillary bed. Bruner and Schmidt (7) have also arrived 
at the same conclusion. Physiologically the same has been demonstrated (8) in that 
blood, fully saturated with oxygen, may be withdrawn through a catheter wedged 
into a branch of the pulmonary artery of patients thus indicating that the catheter 
was in direct communication with the capillary bed and that any significant number 
of precapillary anastomoses between different branches of the pulmonary artery did 
not exist. If such were present, this blood would be unsaturated. In patients with 
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arterial oxygen unsaturation, blood withdrawn in a similar fashion has been shown 
to be fully saturated with oxygen, indicating the absence of any significant precapil- 
lary anastomoses between systemic (bronchial and intercostal) arteries and pulmo- 
nary artery (9). 

Anatomically there are no valves in the pulmonary vessels (6). Dyes injected 
into a pulmonar}’' vein in a retrograde direction flow into the pulmonary capillaries 
and then into the pulmonary and bronchial arteries (10). These observations are 
confirmed in the present study in which catheters were wedged into a pulmonary 
artery and vein in close approximation one to the other. A quick injection of only 
I cc. of saline into either catheter produced an abrupt rise of pressure in the opposite 
catheter on the otlier side of the capillary bed. This indicated in vivo a free communi- 
cation in both directions between pulmonary artery and pulmonary vein without 
valvular or other gross obstruction and supplied indirect evidence that the obstructing 
catheter was in communication with only a small area of the capillary bed. 

In view of these anatomical relationships, the pressure recorded distal to a point 
of obstruction in the pulmonary artery or vein should not be zero since an anastomotic 
circulation exists. It should theoretically be the pressure in the next collateral 
branch but on the arterial side blockage may lessen the measured pressure by reducing 
flow locally, just as on the venous side similar blockage may raise pressure by local 
passive congestion. 

Gomez (ii) has observed that when a systemic end artery is occluded, the pres- 
sure distal to the point of occlusion falls, not to zero, but to a point considerably above 
the pressure in the corresponding vein. This he refers to as the 'static pressure’ of 
the artery. Starr and Rawson (12, 13) have likewise studied static pressure in veins. 
Since blood flow was maintained through all parts of the lung except in the one vessel 
obstructed by the catheter, static pressure could not be measured under the circum- 
stances of these experiments. 

By occluding a branch of the pulmonary artery with a catheter and a branch of 
a pulmonary vein in a different region with an arterial catheter, a direct connection 
with the capillary side of each vessel was maintained through the hole on the tip of 
the catheters. In this way, pressures on each side of the capillary bed, with the main 
vessel occluded, could be measured. 

Under the conditions of these observations, pressures recorded in the obstructed 
pulmonary artery were lower than those recorded in the obstructed vein. This 
difference in pressures was not abohshed by stopping respiration although there was 
a slight inconstant reduction in their levels when respiratory movement ceased. 
Immediately after blood flow had stopped (death), these two pressures became equal. 
Artificial respiration on these dead animals caused a slight rise of pressure in both. 
Therefore the differences are related largely to blood flow and only sUghtly to the 
pumping action of the lung. The discrepancy in the two pressures is probably due 
to the relationship of the catheters to the capiUary bed, i.e. the pressure recorded 
through the obstructed artery is less because blood flow is reduced locally and that 
through the obstructed pulmonary vein is greater due to passive congestion. 

It is believed, therefore, that the pressure recorded on the pulmonary artery side 
of the capillary bed is probably no greater than a few millimeters of mercury below 
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the true pulmonary capillary pressure and that on the pulmonary venous side is 
probably no greater than a few millimeters of mercury above the true pulmonary 
capillary pressure. With this reservation, pressures on the arterial side can be used 
to measure indirectly the direction and approximate magnitude of changes in capillary 
pressure. Averaging of both figures (table i) where both can be obtained as in ani- 
mals gives a means of estimating the absolute magnitude of capillary pressure. 

In recording the pressure with a column of saline, the fluid runs through the 
catheter into the capillaries, until equilibrium is established. In recording the pres- 
sure with a Hamilton manometer, the pressure of the blood in the pulmonaiy capil- 
laries is transmitted backward through the lumen of the catheter and to the mem- 
brane of the manometer. These two methods of measurement should be in close 
agreement. Any marked discrepancy as occasionally occurs indicates an obstruction 
between the catheter and the capillaries. In such circumstances, the recordings are 
inaccurate and should be discarded. However, it is felt tliat the Hamilton manom- 
eter, in general, gives the more accurate reading as equilibrium is obtained immedi- 
ately while with the saline manometer equilibrium is slowly reached. 

It should be pointed out that the pressures recorded in the manner described were 
related to a point 7.5 cm. anterior to the animals’ spine when lying in the recumbent 
position. No attempt was made to relate the zero point to the level of the tip of the 
catheter which would be necessary in the estimation of the true hydrostatic pressure 
in the capillaries. In the majority of the dogs, however, the tip of the catheter lay 
about in the middle of the chest when viewed in the lateral position fluoroscopicaUy. 

It is considered that the damage found in the chambers of the left side of the 
heart definitely prohibits the use of arterial cardiac catheterization in man. 

StJMJIARY 

1. A venous catheter was introduced into the pulmonary artery of dogs and 
wedged into a distal ramification so as to obstruct its lumen. Pressures beyond the 
point of obstruction were recorded through a hole in the tip of the catheter with a 
Hamilton manometer and with a saline column. 

2. An arterial catheter was introduced by way of the carotid artery and left side 
of the heart into a pulmonary vein in similar fashion and pressures were similarly 
recorded. 

3. In dogs, the pressures recorded with a Hamilton manometer through the 
catheter blocking the pulmonary artery varied between 5 and 8 with an average of 
6 mm. Hg while those measured simultaneously through the catheter blocking the 
pulmonary vein varied between 6 and 14 with an average of 10 mm. Hg (table i). 
The former is probably lower than true pulmonary capillary pressure by the ‘velocity 
factor’ and the latter too high by this same factor. It is suggested that true mean 
capillary pressure with unobstructed flow normally lies between these two figures, 
the average in 6 animals varying from 5.5 to 10 mm. Hg with an average of 8.3 mm. 

Hg. 

4. It is considered that damage to the left side of the heart from arterial cathe- 
terization prohibits its use in man. 

We wish to express our gratitude to the Godfrey M. H3^aiTis Trust for their generous contribution 
for equipment used in this study. 
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HEMORRHAGIC lOTOTENSION IN HEPATECTOMIZED 
AND BILATERALLY NEPHRECTOMIZED 
HEPATECTOMIZED DOGS' 

JOHN J. REINHARD, OTTO GLASSER axd IRVINE H. PAGE 

From the Research Division, Cleveland Clinic Fotindalion, and the Frank E. Bunts Educational 

Institute 

CLEVELANT), OIHO 

I NVESTIGATIONS of hypotensive states naturally led to the study of the 
contributions of the kidneys and liver in the maintainance of normal blood 
pressure. A participation of the renal pressor system was indicated by Sapir- 
stein, Ogden, and Southard (i, 2), Hamilton and Collins (3) and Huidobro and Braun- 
Menendez (4) whose observations implied a homeostatic action of renin on the arterial 
pressure after bleeding. A function of the liver in shock was emphasized by Fine, 
Seligman, and Frank (5, 6) who concluded that inadequate hepatic blood flow is an 
essential factor in irreversible hemorrhagic shock. Shorr, Zweifach and Furchgott 
(7) described what seemed to be an integrated pattern of hepatic and renal responses 
to hemorrhage consisting in renal liberation of a protective VEM (vaso-excitor 
material) and hepatic release of an opposing principle VDM (vaso-depressor ma- 
terial). 

As a more direct approach, these organs were individually and jointly removed 
before prolonged periods of hypotension w'cre induced by controlled hemorrhage. 
The blood removed to produce hypotension was later reinfused to obsen-e the ability 
of these animals to regain normal arterial blood pressure. Another group of animals 
was hepatectomized and transfused with blood from dogs which had previously 
endured periods of prolonged hypotension due to hemorrhage. 

HIETHODS 

Hepatectomy was performed under light ether anesthesia by the one-stage method of Firor 
and Stinson (8). The animals were given intravenously 250 cc. of 10 per cent glucose in phj'siologic 
saline and 125 cc. of normal dog blood during the operation. Following recovery from ether, glucose 
was supplied intravenously in doses of 0.25 gm. per kilogram body weight per hour (9) and the ani- 
mals were not again anesthetized. In experiments on bilaterally nephrectomized, hepatectomized 
animals, the nephrectomies were performed first and immediately followed by one-stage hepatectomy. 
Since all the experiments were of short duration, the operations were done without sterile technique. 

Following a H-hour recovery period, experimental hemorrhagic hypotension was produced 
by the method of Wiggers (10) and Kohlstaedt and Page (11) and the stage of shock estimated from 
the criteria of Glasser and Page (12). In brief, the animals were bled rapidly from a femoral artery 
into a reservoir containing heparin until arterial pressure of 5° mm. Hg was established. Pressure 
was maintained in the reservoir by a hand bulb connected with an aneroid type manometer. The 
shed blood in the reservoir was in open communication through rubber tubing with the femoral 

Received for publication August 23, 1948. 
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artery of the test animal. Consequently, if the arterial pressure of the animal fell below the 50 mm. 
Hg level, blood passed from the reservoir into the dog. Conversely, if the arteridl pressure of the 
animal tended to rise, more blood was shed by the dog into the reservoir. The 50 mm. Hg pressure 
was continued for at least 90 minutes, when the pressure was lowered to 30 mm. Hg by decreasing 
the pressure in the reservoir and allowing more blood to flow into it from the animal. This new 
pressure level was maintained for 45 minutes. FoUondng the successive phases of h}'potension, 
blood was restored to the animal by stepwise increases of pressure in the reservoir to the control 
level. Kymographic records (fig. i) were made of arterial pressure (A.P.), shed blood volume (B.V.), 
respirations (RESP.) and responses to epinephrine (A.) (fig. i). Application of this method has 
recently been made to a large number of animals in a critical study of hemorrhagic shock by Glasser 
and Page (13). 

In the transfusion experiments, donor animals were anesthetized intraperitoneally with sodium 
pentobarbital, 30 mg./kg. body weight. The donors were similarlj’’ subjected to shock and intra- 
arterial reinfusion. Their blood was then drawn and citrated for transfusion into hepatectomized 
recipients. Blood was drawn in equal volume from the opposite legs of the recipients during the 
transfusion so that blood volume was unchanged. The recipient hepatectomized animals were 
observed for possible deleterious effects of transfusion. They were then subjected to the usual 
period of hemorrhagic hypotension. All animals were tested with standard doses of intravenouslj’- 
administered epinephrine and the rise in blood pressure was referred to as epinephrine response 
and expressed in mm. Hg. Page (14) has suggested that among other criteria the magnitude of this 
response is a rough measure of the phase of shock existing in animals with hypotension. 

RESULTS 

Animals subjected to hepatectomy invariably had widely varying degrees of 
blood loss into the peritoneal cavity, apparently due to diapedesis through the 
peritoneum. This blood loss could not be expeditiously measured pre-mortem. 
Consequently, among other factors, the amount of bleeding necessary to produce a 
standard hypotension varied widely among different experiments. 

A i|-hour recovery period followed the procedures of hepatectomy and hepatec- 
tomy-nephrectomy. The hemorrhagic hypotension lasted 140 minutes. Survival 
for all groups averaged 7 hours after hepatectomy and 2.5 hours after hypotension. 

Group I. Hemorrhagic Hypotension in Hepatectomized Dogs. Seven experiments 
were performed in which hepatectomized dogs were bled to produce hypotension. 
The volume of blood withdrawn to decrease the pressure to the 50 mm. Hg level 
varied from 20 cc. to 40 cc. per kilogram body weight. Five animals were within 
the narrow range of 27 cc. to 33 cc. and two, 19 cc. and 40 cc. per kilogram. Blood 
flowed from the reservoir into the femoral arteries of several animals in order to 
maintain the 50 mm. Hg level. These inflows varied and are listed in table lA. 
All animals survived the procedure and regained normal blood pressure levels after 
the intra-arterial reinfusion of shed blood. In one case 225 cc. of additional 5 per 
cent gelatin solution besides the shed blood were necessary to restore the pressure to 
normal. The epinephrine responses in the pre- and post-hypotensive periods were 
equal. 

Survival of these animals was limited by the nature of the experiment; however, 
they had normal arterial pressures for periods of from if to 4I hours. Tw'o animals 
required further intra-arterial infusion of 375 cc. and 175 cc. of 5 per cent gelatin 
solution during these post-hypotensive periods, but again, the peritoneal loss was 
unknowm. The results are summarized in table lA. A typical kymographic tracing 
is shown in figure i. 
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Group II, Eemorrhagic Hypolcnsion in Bilaterally N cphreclomked Hepatec- 
tomized Dogs. There were 6 dogs in this group. The procedure after nephrectomy 
and hepatectomy e.tactly followed that used in Group I. The amount of bleeding 


Table i. Hemorrhagic hypoteksiok 


DOC NO. 

BLOOD 
WITHDRAWN 
TO PRODUCE 
HYPOTENSION 

INTAKE AT 
50 Mit. nc 

INTAKE AT j 

30 Mit. no j 

AMT. INTRA- 
ART. BLOOD 
REPLACEMENT 

SUPPL. PLUID 
REINFUSION 
S 7 o OELATIN 

SURI'IVAL 

POST 

IIEPATEC- 

TOMY 

POST 

HYPOTEN- 

SION 


1 cc/ig. 

cc/kg. 

cc/kg. 

cc/kg. 

cc/kg. 

hrs. 




A 

In FIcpatcciomized Dogs 



1 

28 

I 

4 

19 

1 30’ 

, 8.5 

1 4.2s 

2 

30 

0 

0 

26 

0 

7-5 

3-5 

3 

33 

0 

7 

26 

20' 

7.0 

3-5 

s 

19 

II 

15 

19 

22= 

6 .S 

3-0 

13 

27 

6 

3 

18 

0 

5 

1 ^-5 

14 

40 

2 

4 

24 

0 ! 

7.0 

2.75 

15 

28 

5 

7 

12 

f 

7.0 

3-0 


B. 

In Bilaterally Nephrcclomizcd-IIepalcclomized Dogs 


4 

II 

0 

0 

II 

\ 22- 

6 . 5 ‘ 

3 .o‘ 

6 

19 

6 

0 

1 19 

23- 

So* 

2.0* 

20 

31 

0 

0 

26 

0 

6.5^ 

3.0* 

17 

31 i 

0 

4 

27 

0 

6 . 5 ’ 

3 .o‘ 

16 

27 

2 

0 

27 

0 

5.5’ 

3-25’ 

18 

22 

3 

I ! 

1 

17 

0 

7-0 

1-5 


* Infused intra-arterially in post-reinfusion period. • Infused intra-arterially during hypo- 
tensive periods. 

’ Blood infused in post-reinfusion period. •* Killed. 


tSOMM H% 

/OOtJUHi 

SOUU H* — 

BAS £ UNS — 



950 MO 








K ^ 2 ^ w 


Fig. i_. Kymo^aphic record of iog 86-6 (Sept. 16, 1947): RESP, respiration; BV, blood 
volume cc. in reservoir, with base line at 200 mm. Hg; A.P., arterial pressure; time intervals of i 
min.; A, o.i cc. 1-10,000 epinephrine; GL, glucose 0.25 gm., i kg/hour intravenously; B, BaCl- 
9 mg. intravenously. Hepatectomy performed at 9:30 a.m. Duration of 50 mm. hypotension, 
90 min. and of 30 mm., 50 min. 


necessary to produce the required hypotensive levels varied from ii cc. to 3r cc. per 
kilogram body weight. Four animals were within the range of 22 cc. to 31 cc. The 
other two shed ii cc. and 19 cc., respectively. Three animals took blood from the 
reservoir in order to maintain pressures of 50 mm. Hg. These values are listed in 
table iB. All survived the periods of h5qDotension and were sacrificed ij to 3 hours 
after reinfusion. The blood pressure in each was restored to normal levels after 
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intra-arterial reinfusion of shed blood. Two received 200 cc. of additional 5 per cent 
gelatin solution. The responses to o.i cc. and 0.2 cc. of epinephrine i-io,ooo were 
the same in the pre- and post-shock periods. One animal required 150 cc. of 5 per 


Table 2. Hemorrhagic hypotension in hepatectomized dogs 


DOG KO. 

AMT. BLOOD 
TRANSFUSED 
FROil 
SHOCKED 
DOGS 

BLOOD 
\VirHDRA\\'N 
TO PRODUCE 
HYPOTEN- 
SION 

; INTAKE 
i AT 50 inr. 
HG 

INTAKE 

AT 30 MM. 
HG 

INTRA-ART. 

BLOOD 

REPLACE- 

MENT 

AMOUNT 
! SUPPL. 

FLUID 
i REINFU- 
sroN 

; SURWAL 
POST 

j HEPATEC- 
' TOMY 

POST hypo- 
tension 


cc/ks. 

cc/kg. 

cc/kg. 

cc/kg. 

cc/kg. 

cc/kg. 




A. FoUoii’hig Transfusion from Intact Shocked Dogs 


7 

16 

3 

i 3 

i 3 

15 

i 3 ‘ 

5-25 

1-25 

8 

25 

13 

0 

3 

13 

0 

1 

5 - 25 = 

1 - 5 = 

23 

23 

28 

7 

3 

27 

I 4 > 

0" 

2.0- 

19 

27 

40 

0 

7 

32 

0 

5 = 

2.0- 

25 

21 

19 

2 

8 

19 

3 ^ 

0 o' 

1.5’- 

24 

40 

13 

5 

3 

II 

0 ! 

0' 

I.O^ 


B. Following Transfusion from Bilaterally Nephrcctomizcd Dogs Subjected to Hemorrhagic 


Hypotension 


10 

32 

17 

2 

2 

17 

29® 

5- 

I.O^ 

II 

27 

8 * 

13 

5 

8 

273 

6 

1.25 

12 

20 

20 

2 

0 

20 

85 

5 ^ 

1 . 0 - 

21 

18 

39 

s 

4 

33 

0 

jr> 

2 .o2 

22 

20 

21 

4 

0 

21 

6 ' ! 

5 = 

1 . 5 - 

9 

27 

18 

2 

3 

18 

M 

0 

sr- 

■ 1.5“ 


1 Blood infused intra-arterially during hypotensive periods. " Killed. 
^ Blood infused intra-arterially during post-reinfusion periods. 
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Fig. 2. Kymographic record dog p5-r (Nov. 13, 1947): RESP, respiration; B.F., blood volume 
cc. in reservoir, -with base line at 200 mm. Hg; A.P., arterial pressure; time intervals of i min.; A, 
epinephrine 1-10,000 expressed in cc.; GL, glucose 0.25 gm/kg. hour intravenously. Experimental 
procedures: hepatectomy performed at iitoo A.M.; TR transfusion of 300 cc. blood from bilaterally 
nephrectomized shocked dog with simultaneous removal of 300 cc. of blood from opposite leg of 
dog gyi at 1325 (i : 25 p.m.). Duration of 50 mm. hjTJOtension 90 min. and 30 mm., 45 min. 


cent gelatin during the post-hj’potensive period in order to maintain a normal blood 
pressure. The results are summarized in table IB. 

Grotip III. Hetnorrhagic Hypolension in Hepaleclotnized Dogs Following Trans- 
jitsion frotn Shocked Dogs ivilh Intact Livers. Six hepatectomized and 6 normal donor 
animals were included in the third group of experiments. Each donor animal was 
bled into hypotension of great enough duration to have a poor prognosis for survdval 
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according to the criteria of Glasscr and Page (5), After this was established, shed 
blood was replaced by intra-arterial transfusion with a pressure in the reservoir 
great enough to maintain normal blood pressure 10 to ao minutes. These animals 
were then bled to death. The volumes so obtained (160 CC.-500 cc.) w’cre transfused 
intravenously into the hepatectomized recipients while equivalent amounts of blood 
were withdrawn. According to our observations, these procedures had no effect 
upon the liverless recipients. These animals were then subjected to hypotension 
induced by hemorrhage in a manner similar to that of the preceding two groups. 
The results were not appreciably different and are recorded in table sA. 

Group IV. Hemorrhagic Hypotension in Hepatectomized Dogs Follcnving Trans- 
fusion from Bilaterally Ncphrectomized Hypotensive Dogs. This group of experiments 
was a repetition of those in Group III save that the 6 donor animals had been previ- 
ously nephrectomized. The 6 hepatectomized recipient animals again gave no evi- 
dence of being affected by this exchange of blood. Likewise, induction of the 
standardized hypotensive state caused no fatalities during its course, and the arterial 
pressure was normal in all of the animals after intra-arterial reinfusion of the shed 
blood. These results are summarized in table 2B, A typical kymographic tracing 
is presented in figure 2. 


DISCUSSION 

A variety of altered physiological reactions — neurogenic, humoral and hemo- 
dynamic — appear during hemorrhagic hypotension. This study deals with humoral 
and hemodynamic factors of renal and hepatic origin since conditions of our experi- 
ments were so arranged that the neurogenic influences on the hypotensive state were 
believed minimal and reasonably constant. 

Vasoconstriction is now generally recognized as prevailing during the onset of 
shock. It was attributed by Page (15) to the action of vasoconstrictor material 
originating in injured tissue and to vasoconstrictor impulses. Further, the caliber of 
the vessels seems to be indirectly influenced by their reactivity to chemical stimuli. 
When the responsiveness of the vascular tree is estimated by the pressor responses to 
epinephrine in burn shock, three phases can be distinguished: i) the injury phase 
with increased arterial pressure and variably increased pressor response; 2) a tran- 
sitional phase of increased pressor response followed by progressive decrease; and 3) 
the terminal phase in which vascular responsiveness to pressor and depressor agents 
is severely reduced or absent. The initial injury phase was absent in shock due to 
bleeding. 

More recently, Shipley, Helmer and Kohlstaedt (16) have described a pressor 
principle which causes sustained elevation of the arterial pressure of nephrectomized, 
pithed cats. It is present in the plasma of sick cats, of cats poisoned with DDT and 
of animals subjected to hemorrhagic hypotension. Since they could not detect it in 
nephrectomized animals subjected to the same procedure, they consider it of renal 
origin. Shipley and Helmer (17) further demonstrated that the pressor principle 
gives only brief, unsustained increases in blood pressure in intact cats, while the 
responses in cats nephrectomized 48 hours before testing were invariably sustained 
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for several hours. These observers suggest that an inhibitor of the pressor principle 
is secreted by the kidneys into the blood and its concentration in blood diminishes 
progressively after nephrectomy. They also demonstrated that injections of pressor 
principle neutralizes the circulating inhibitor in recently nephrectomized animals so 
that repeated injections finall)’- produce sustained responses similar to those of the 
24- or 48-hour nephrectomized animals. 

Hamilton and Collins (3) have shown that hemorrhage imparts pressor activity 
to blood as tested on nephrectomized dogs. The homeostatic capacity of renal 
pressor agents in shock is not large, for Bobb (18) found that nephrectomy had no 
effect on mean arterial pressures, survival times or rectal temperatures in dogs 
subjected to tourniquet shock. 


150 mm. 

130 mm, 

1 10 mm. 

90 mm, 

70 mm. 

50 mm. 

Fig, 3. Graph of pre-hypotensive (control) arterial blood pressures and post-reinfusion pres- 
sures of Groups I, II, III and IV. 

Frank, Seligman and Fine (5, 6) concluded that loss of liver function is of crucial 
importance in the collapse of the organism in advanced hemorrhagic shock. These 
workers were able to prevent irreversible shock by vivi-perfusion of the liver of a 
shocked dog with the blood of a normal one. They go so far as to suggest that this 
is the essential effective treatment of ‘irreversible’ hemorrhagic shock. 

Thus a summary of recent investigations indicates that 0) experimental shock 
exhibits an early compensatory phase associated with vasoconstriction and frequently 
with increased vascular responsiveness followed by a late decompensatorj’- phase 
associated with vasodilatation (Page and AbeU, 13) and loss of pressor responsiveness; 
h) vasoconstrictor or vasoexcitor materials are present in the circulating blood of 
shocked animals; c) the kidne}’- is the site of origin of a sustained pressor material on 
the one hand, and possibly of a distinct vasoexcitor substance (VEM) as well as a 
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source of anti-pressor material; and d) the integrity of the liver is considered abso- 
lutely necessary if the organism is to withstand shock. Our observations stand in 
contrast to some of these views. 

We believe it desirable to avoid the terms ‘shock’ or ‘irreversible shock’, as they 
apply to hepatectomized animals, while they do not in any case long survive. We 
shall use instead the term ‘hemorrhagic hypotension’, as defined above under 
Methods. 

Regardless of whether the liver or both liver and kidneys were removed, approxi- 
mately equivalent amounts of hemorrhage were necessary’’ to lower the arterial blood 
pressure to the selected levels of 50 mm. Hg for go minutes and 30 mm. Hg for 45 
minutes. Further, the bleeding volumes of hepatectomized animals, which received 
large volumes of blood from intact animals and from nephrectomized animals in 
hemorrhagic h3q)otension, did not differ greatly from those of hepatectomized and 
hepatectomized-nephrectomized animals which were not subjected to transfusion. 
The fact which stands out is that these animals withstand varied procedures of 
hemorrhage and transfusion from animals in hemorrhagic hypotension, intact or 
nephrectomized. Further, appropriate transfusion of shed blood restores arterial 
pressure and epinephrine pressor responsiveness (fig. 3). 

It was apparent from 16 dogs that if only the blood removed or less were re- 
stored to the animals intra-arterially, a normotensive state could be re-established. 
In 9 dogs additional fluid was necessary, both during the hj-potensivc states and 
after reinfusion. The significance of this supplement cannot be established inasmuch 
as we have no measure of the amount of blood lost by diapedesis into the peritoneal 
cavity at the time of reinfusion. 


SimUARY 

Animals deprived of livers or livers and kidneys can be subjected to prolonged 
hemorrhagic hypotension and still retain the ability to re-establish and maintain for 
some time normal arterial pressure following intra-arterial reinfusion of shed blood. 
This ability is not impaired by exchange transfusion of hepatectomized animals with 
blood from animals in hemorrhagic hypotension both intact and nephrectomized. 
Thus, these direct experiments do not demonstrate a critical function of the liver or 
kidneys in the vascular response to a standardized hemorrhagic hypotension. 

REFERENCES 

1. Safirsteik, L. a., E. Ogden and F. D. Southard. Proc. Soc. ExpiL Biol. Med. 48: 505, 1941- 

2. Sapirstein, L. a., F. D. Southard and E. Ogden. Proc. Soc. Exptl. Biol. Med. 50; 320, 
1942. 

3. Hamilton, A. S. and D. A. Collins. Amer. J. Physiol. 136: 275, 1942. 

4. Huddobro, F. andE. Braun-Menendez. Am. J. Physiol. 137: 47, 1942. 

5. Fine, J., A. M. Seligman, and H. A. Frank Ann. Surg. 126: 1002, 1947. 

6 . Frank, H. A., .A. M. Seligman AND J. Fine. J. Clin. Invest. 25 : 22 , 1 ^ 46 . 

7. Shorr, E., B. W. Zweifach and R. F. Furchgott. Science 102 : 489, 1945. 

8. Firor, W. M. and E. Stinson Jr. B7dl. Johns Hopkins Hasp. 44 : 138, 1929. 
g. JtANN, F. C. Am. J. Med. Sci. 161: 37, 1921. 



October 1^48 


HEMORRHAGIC HYPOTENSION 


113 


10. WiGGERS, C. J. AKD J. M. Werle. Proc. Soc. Exptl. Biol. Med. 49; 604, 1942. 

11. Kohlstaedt, K. G. and I. H. Page. Arch. Surg. 47: 178, 1943. 

12. Glasser, 0 - AND I. H. Page. Cleveland Clinic Quart. 14: 121, 1947. 

13. Glasser, 0 . and I. H. Page. Am. J. Physiol. In press. 

14. Page, I. H. Am. J. Physiol. 142: 366, 1944. 

15. Page, I. H. Am. J. Physiol. 139: 386, 1943. 

16. Shipley, R. E., 0 . M. Helmer and K. G. Kohlstaedt. Am. J. Physiol. 149; 708, 1947. 

17. Shipley, R. E. and 0 . M. Helmer. Am. J. Physiol. 151: 606, 1947. 

18. Bobb, j. R. R. Fed. Proc. 6: 78, 1947. 



EFFECTS OF REPEATED ORAL DOSES OF QUININE AND 
QUINIDINE ON THE BLOOD PRESSURE AND RENAL CIR- 
CULATION OF DOGS WITH EXPERIMENTAL NEUROGENIC 
HYPERTENSION 1 


EDWIN P. HIATT 

With the technical assistance of Inez Greene and Shelton Sparrow 
From the Physiology DcparlmciU, University of North Carolina School of Medicine 

CHyVPEL IHLL, NORTH CAROLINA 

I T HAS been shown in this laboratory that single oral doses of the cinchona 
alkaloids will cause an increase in renal blood flow and glomerular filtration 
rate in normal dogs (7). This effect lasts for several hours and occurs ndthout 
' significant change in arterial blood pressure. In the investigations reported in this 
paper we have studied the effect of repeated oral doses of quinine and quinidine given 
over a period of several days on the circulation of normal dogs and of dogs with 
experimental neurogenic hypertension. 

IIETHODS 

A sustained hypertension was obtained in 4 dogs by excision of both carotid sinuses and divi- 
sion of the cervical vago-depressor-sympathetic nerve trunk on one side and the depressor nerve of 
the opposite side, according to the technic of Bouckaert as described by Crimson (6). These dogs, 
together nith several normal dogs, were observed before, during and after a period of several days 
in which they received two to four daily doses of 10 to 15 mg/kg. of quinine or quinidine sulfate. 
The experiments were carried out at different intervals varying from one to 16 months after the 
surgical operation. 

^lean arterial blood pressure was measured by puncture of the femoral artery' with a 20-gauge 
hypodermic needle connected through a tube filled with 5 per cent sodium citrate solution to a 
mercury manometer. One per cent procaine without epinephrine was injected into the tissues 
aroimd the artery before the puncture was made. Readings of pressure were taken a minute or two 
after the needle was introduced, when the pressure seemed to be fairly steady. 

The renal clearance of sodium p-aminohippurate (PAH) %vas determined as a measure of the 
effective renal plasma flow. The creatinine clearance was determined as a measure of the glomerular 
filtration rate. PAH concentrations in plasma and urine were determined by the method of Smith 
el al. (9) w’hile creatinine concentrations were analysed by the alkaline picrate method of Folin and 
Wu ( 5 ). These agents were administered subcutaneously to obtain satisfactory plasma concentrations. 

Qumine and quinidine concentrations in the plasma were determined by the method of Brodie 
and Udenfriend (3). 

It was our usual practice to give four doses the first day and three doses on subsequent days 
with a lo-hour interval between the last dose of one day and the first dose of the next day. After 
the control observations, most of the measurements were made before the first dose of the day, at 
the time when plasma concentrations were at the daily minimum, but occasional measurements 
were made at shorter intervals after a dose of alkaloid. The observations were continued for at 
least two days after the drugs had been discontinued. 


Received for publication August 3, 1948. 
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RESULTS 

The results of our experiments on all 4 dogs were essentially the same and are 
indicated in the accompanying graphical summaries of typical experiments (fig. i), 

a. Plasma Alkaloid Concentrations. Most of these fell within the range of i 
to 4 mg/ 1 . These levels were effective in causing the changes described below but 
were not toxic as indicated by the normal behavior and appetite of the dogs. After 
a few doses the plasma concentration was well maintained between doses, even during 
the lo-hour overnight period. Two doses a day did not maintain plasma concen- 
trations in the effective range, but three doses a day seemed to be adequate. 
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Fig. I. GRAPmcAL SUMMARIES of three tj^pical experiments with repeated oral doses of cinchona 
alkaloids. Renal clearances are expressed in cc. of plasma/min. The blood pressure is recorded as 
mm. of Hg mean femoral arterj-- pressure. Plasma concentrations are sho-\vn in mg/ 1 , of plasma. 
The vertical lines indicate time in days with the dates recorded on the abscissa. A. {upper left) 
Effect of repeated doses of quinine sulfate on a normal dog. B. {upper right) Effect of repeated oral 
doses of quinine sulfate on a dog with neurogenic hypertension. Preoperative data are sho^vn on the 
column on the left. C. {lower) Effect of repeated oral doses of quinidine sulfate on another dog with 
neurogenic hypertension. 

b. Blood Pressure. In the normal dogs there was little change in the mean 
arterial pressure. In the dogs with neurogenic hypertension there was a marked 
faU in blood pressure, in most cases closely approaching their normal preoperative 
pressures. After the second day of administration of the alkaloids the depressor 
effect was well maintained between doses. When the drugs were discontinued the 
blood pressure gradually returned to the original hypertensive levels as the plasma 
concentrations decreased. This recovery was usually complete in about 36 hours. 
Quinidine had a more marked effect on the blood pressure than quinine. 

c. Renal Circulation. In most of the normal dogs receiving repeated doses of 
cinchona alkaloids, as in the experiments with single doses reported previously 
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(7), the renal plasma flow and the glomerular filtration rate increased, the former 
more than the latter. In most instances the effect Lasted during the period of 
administration of the drug. Unlike the single dose experiments (7), the present 
data, with repeated doses, shov.-s that quinine causes a greater renal h5q)eremia than 
quinidine. 

Essentially the same effects on renal circulation were observed in hypertensive 
dogs. In spite of a considerable fall in arterial blood pressure there v/as no decrease 
in renal plasma flow and in most instances there was a definite increase, especially 
with quinine. 

d, Ecarl Rale. In most of the normal dogs an increase in heart rate occurred 
after administration of the alkaloids. The hypertensive dogs which maintain a 
rapid heart rate (10) showed either a further acceleration of the rate or no change 
under the influence of the drugs. 


DISCUSSION 

In considering the mechanism by which the cinchona alkaloids reduce the 
blood pressure of our dogs ndth neurogenic hypertension there is not much help to 
be found in the literature. Most of the reported ex-periments have dealt with the 
depressor effect of the alkaloids injected intravenously (which is much more drastic 
than \vhen the same amount of alkaloid is administered orally) and the plasma 
concentration of the drugs was not measured. There was, and still is, a controversy 
over whether or not most of the depressor effect is due to cardiac depression or to 
peripheral vasodilatation. Nelson (8) who reviewed the old literature felt that the 
action of these alkaloids is due to peripheral vasodilatation. He thought this action 
to be due in part to depression of the vasomotor endings and in part to an action 
directly on the smooth muscle of the blood vessels. 

Nelson also demonstrated the antagonism of quinine and quinidine for the 
circulatory effects of epinephrine. We have succeeded in verifying this in experi- 
ments which will be reported later. Dreisbach and Hanzlik (4) have studied the 
converse relationship, i.e., the antagonism by epinephrine of the depressor effects of 
intravenous quinine. 

E™g, Thomas and Waples studying the circulation of dogs with experimental 
neurogenic hypertension found evidences of increased sympathetic tone as indicated 
by increased cardiac output, increased renal vascular resistance and increased blood, 
flov/ through the forehmb (2). These investigators also studied the effects of the 
adrenolytic dioxane derivatives 883 and 933 F on dogs with neurogenic hypertension 
and found a delayed fall in blood pressure due largely to a diminished cardiac output 
with a decrease in heart rate (i). 

All we can say definitely at this time is that these cinchona alkaloids cause a 
sustained decrease in blood pressure in dogs with neurogenic h3q)ertension. At least 
part of their effect is due to vasodilatation as indicated by the renal h3q)eremia and 
the well-knomi cutaneous flushing (8) which follows the administration of these 
drugs. Independent investigation of possible effects of these drugs on cardiac ouput 
are currently being undertaken. 
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STOOIARY 

Oral doses of quinine or quinidine of the order of 10 to 15 mg/kg. administered 
to dogs tlnree times a day for several days had the following effects; a) in normal 
dogs a sustained renal hyperemia (as measured by clearance methods) without much 
change in blood pressure; b) in dogs with neurogenic h5q3ertension', a sustained fall 
in the blood pressure without any decrease in renal circulation. With quinine 
there is actually an increase in renal blood flow. Quinidine had a greater depressor 
effect on the blood pressure than quinine. These effects were achieved vdth plasma 
concentration of cinchona alkaloid in the range of i to 4 mg/1. 

We wsh to thank Dr. Keith S. Crimson of Duke University School of Medicine for demonstrat- 
ing to us his surgical method for causing neurogenic hypertension in dogs. 

REFERENCES 

1. BrNG, R. J. AND C. B. Thomas. J. Pharmacol. Exptl. Thcrap. S3: 21, 1945. 

2. Bing, R. J., C. B. Thomas and E. C. Waplds. J. Clin. Invest. 24: 513, 1945. 

3. Brodie, B. B. .•\nd S. Udenfriend. J. Biol. Client. 15S: 705, 1945. 

4. Dreisbach, R. H. and P. J. Hanzlik. J. Pharmacol. Exptl. Therap. S3; 167, 1945. 

5. Folin, W. and H. Wu. j. Biol. Chem. 3S: Si, 1919. 

6. Crimson, K. S. Arch. Surg. 43: 2S4, 1941. 

7. Hiatt, E. P. and V. Suhrie. Am. J. Physiol. 148: 684, 1947. 

8. Nelson, E. E. Arch. Intern, pharmacodynamic 33; 186, 197, 1927. 

9. Smith, H. W., N. Finklestein, L. Aliminosa, B. Cramtord and M. Craber. J. Clin. 

Invest. 24: 388, 1945* 

10. Thomas, C. B. Bull. Johns Hopkins Eosp. 74; 335, 1944. 



BLOOD PRESSURES OF RATS SUBJECTED TO AUDITORY 

STIMULATION* 

ELEANOR H. YEAKEL^ HENRY A. SHENKIN, ALAN B. ROTHBALLER ANT) 

s. McDonald mcCann 

Trom the Wislar Inslikite of Anatomy and Biology and the Harrison Department of Stirgical 
Research, Schools of Medicine, University of Pennsylvania 

PinLADELFinA, PENNSYLVANIA 

R esults published by MedoS and Bongiovanni (i) indicated that a signifi- 
cant increase in systolic blood pressure, as measured by Griffith’s method 
^ (2), occurred in gray Norway rats after prolonged exposure to the sound of 
a blast of compressed air. In view of the inference that this procedure might be a 
means of inducing a neurogenic elevation of blood pressure in response to an extero- 
ceptive stimulus, we were led to repeat the experiment, using, however, a different 
method of measuring pressures in order that readings might be made as frequently as 
desired and without the use of anesthesia. In addition, direct measurements of 
systolic and diastolic pressures were obtained in a number of the animals under light 
ether anesthesia. 


MATERIAL AND METHODS 

The rats were domesticated gray Nonvays of the Wistar Institute colony, ranging in age from 
5 months to a year at the start of the cjqjeriment. Nine male and 8 female controls and 12 male and 
13 female experimental rats were used. The control and the experimental groups were divided as 
equally as possible according to litter and sex. When there was a choice between rats with differing 
blood pressures, as shown by preliminary measurements, the animal with the higher pressure was put 
in the control group. 

The method of air blasting has been described elsewhere (3). All experimental animals were 
exposed to the sound for 5 minutes a day, 5 days a week for 12 months. Blood pressures were taken 
during 2 months before air blasting and at random intervals thereafter, more frequently in the experi- 
mental rats and in the later stages of the experiment. 

A tail plethysmograph, embodying modifications advocated b}' Shuler, Kupperman and Hamil- 
ton (4), was used. Following the suggestion of these authors the rats were not heated prior to testing 
but it was found helpful, as shown by Sobin (s), to warm the water in the apparatus. The animals 
were held in a cj’lindrical wire mesh cage of suitable diameter with a plunger at one end. The plunger 
was adjusted to accommodate the rat so that the full length of the tail protruded from the opposite 
end of the cage and could be inserted to the root in the plethysmograph. As an aid in keeping the 
animal quiet, a black cloth was wrapped around the head end of the holder. No anesthetic was used 
at anj*^ time. 

Blood pressures were determined in the following way. Three consecutive readings were made, 
and if they agreed within 10 mm. Hg the average was taken as the blood pressure of the rat for that 
day. If the variation of the readings was greater, measurements were continued until agreement 
within a range of 10 mm. was reached. Occasionally, despite repeated trials, any three consecutive 
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readings might vary as much as 20 mm. if the animal was restless. The averages in such instances 
were compared with readings of the rat’s blood pressure on other days when the variation fell within 
the prescribed limits and, if found to correspond closely, the former figures were included in the data. 
The number of daily blood pressures used in calculating the mean blood pressure of a rat over a given 
period of time is indicated on the tables in column N. 

Direct blood pressure measurements under light ether anesthesia were obtained with a Hamilton 
optical manometer® on ii of the control and 13 of the experimental rats. 

Table 1. Average systolic blood pressures of rats at beginning and end of experiment 
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the control period the mean systolic pressures of the two groups of rats w'ere as follows: 
for experimentals, 113 mm.; for the controls, 124 mm. Hg. The liigher average 
pressure for the latter group reflects the policy of including in it, whenever possible, 
rats with higher readings. 



Fig. I A (fop). Changes in blood pressure of controls and of experimental rats between first 
2 and last 2 months. iB (bottom). Changes in blood pressure of controls and of experimental rats 
between pre-rise and post-rise averages. 


The average blood pressure of each rat in the last two months of the experiment 
is shown in the same table. Here the mean for the experimental animals was 154 
mm. and for the controls, 127 mm. The mean rise over the control period was 41 
and 3 mm., respectively, the former change being statistically highly significant 
(p < o.oi). Individual alterations in blood pressures are shown in figure lA. In 
all of the air-blasted rats the change was in the direction of increase and in the controls 
was in both directions. The frequency distribution of the average systolic pressures 
of the rats in the last two months shows that measurements of 150 mm. or more were 
found in 16 (64%) of the experimental animals and in 2 (12%) of the controls (table 3). 
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Inspection of the protocols showed that the increase in blood pressure in the 
majority of the experimental animals occurred rather abruptly, taking place in the 
8th to the nth month after air blasting was begun, ^\^len the mean blood pressure 
per month in the experimental group was calculated, tlie sharp rise was seen to occur 
in the ninth month of auditor}’- stimulation, increasing thereafter to a level of 150 mm. 
(fig. 2) . The average monthly systolic pressure in the control group was at its highest 
level early in tlie experiment and did not exceed 133 mm. in any month. 

Because of the restlessness of the animals during the determinations, readings 
were not obtained for 6 experimental and 6 control rats during the first two months 
(table i). It was thought desirable to show the average blood pressures of these 
rats in the early stages of air blasting for comparison with later determinations and 
incidentally thereby to increase N (the number of days on which readings were ob 



Fig. 2. .A-VEEAGE monthly blood pressures for one year of controls and of experimental rats 

tained). Accordingly, for each control rat the readings in the loth, iitl) and 12 th 
months were averaged, as well as the readings in the previous months. The mean 
systolic pressure and standard deviation of the controls for the last 3 months of the 
experiment was 125 ± 4 mm. and for tire preceding period, 124 ± 2.6 mm. It may 
be seen that the figures differ only slightly from those given in table i. 

The readings of each air-blasted rat were scrutinized, and the measurement was 
noted which first indicated a rise in the animal’s blood pressure. All measurements 
up to this one were averaged and all readings including and following it. The former 
are referred to in table 2 as pre-rise and the latter as post-rise averages. The indi- 
vidual changes are shown in figure iB. 

The mean post-rise blood pressure of the experimental group was 152 mm., an 
increase of 29 mm. over the pre-rise level of 123 mm. This change is statistically 
significant (p < o.oi). Twelve (48%) of these rats and 2 (12%) of the controls had 
blood pressures of 150 mm. or greater (table 3). With this treatment of the data it 
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Table 2. Average systolic blood pressures in experimental rats before and after initial 

RISE OF BLOOD PRESSURE 


SAT AND SEX 

rRE-ltlSE 

1 POST-EISi: 

CHAKCE 

Ni 

Average systolic 
pressure 

N' 

AvcniRC systolic 1 
pressure | 



mm.llf. 


mm.Tlg 

mm. lit 

25 m 

7 

129 

7 

174 

+45 

20 f 

9 

117 

9 

158 

+41 

30 f 

8 

127 

9 

167 

+40 

18 f 

8 

130 

7 

i 170 

+40 

39 f 

3 

130 

4 

170 

+40 

26 m 

7 

n 6 

12 

154 

+38 


6 

112 

12 

150 

: +38 

40 f 

5 

141 

1 5 

179 

-!- 

00 

22 m 

8 

109 

1 6 

146 

+37 

21 f 

II 

121 

3 

^55 

i +34 

31 m 

7 

118 

i 7 

149 

i +31 

37 IB 

5 

[ 139 

7 

169 

+30 

24 m 

9 

123 

3 

151 

+28 

34 m 

7 

12S 

3 

^55 

+ 27 

23 f 

10 

122 

5 

147 

+ 25 

38 m 

3 

123 

9 

14S 

+25 

28 m 

5 

121 

3 

145 

+24 

42 f 

8 

123 

2 

14S 

+ 23 

33 ni 

7 

108 

8 

131 

+ 23 

32 m 

7 

irS 

8 

140 

4-22 

35 f 

9 

121 

7 

142 

1 +21 

19 f 

7 

129 

7 

147 

[ -4-i8 

41 f 

I 

130 

6 

147 

1 +17 

29 f 

10 

113 

6 

129 

+14 

36 f 

7 

I 2 I 

8 

134 

+13 

Alean 


123 


152 

1 

+29 


^ Number of days on which blood pressure was determined. 


Table 3. Frequency distribution of a\t:rage blood pressures 


RAKGE or PRESSURES 

CONTROL 

EXPERIMEKTAL | 

i 

CONTROL 

experiiiental 

Last 2 months of experiment 

From loth month 

After initial rise in 

1 blood pressure 

mm. Uz 

100-109 

i 

I 

0 

! 3 

0 

110-II9 

4 

0 

3 

0 

120-129 

5 

2 

5 

1 

130-139 

5 

2 

4 

2 

140-149 

0 

5 

0 

10 

150-139 

0 

6 

I 

6 

160-169 

2 ! 

5 

I 

2 

170-179 

0 

4 

0 

4 , 

180-189 

0 

I 

0 

1 

0 
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was to be expected that fewer experimental rats would be found to have readings over 
150 mm. since the averages included early, relatively smaller increments of pressure. 
Nevertheless, the percentage of animals with elevated pressure in the experimental 
group is considerably higher than in the controls. 


Table 4. Blood pressures obtained by Hamilton optical manometer and 

TAIL PLETHYSMOGRAPH 



DIRECT 

INDIRECT 

ANIMAL AND SEX 

(ether anesthesia) 

(hnanesthetized) 

Systolic 

Diastolic j 

Systolic blood pressure 
(Mean) 


mv\. Eg 

mm. Eg j 

mm. Eg 


Controls 


I m 

17s 

88 

161 

Ilf 

158 

67 

129 

12 m 

IS 5 

88 

124 

14 m 

152 

95 

106 

Sf 

146 

83 

103 

10 f 

13s 

8S 

no 

S m 

130 

78 

123 

15 m 

128 

80 

122 

9 f 

IIS 

75 

II9 

6f 

loS 

60 

13s 

3 f 

98 

S8 

13s 

Mean 

136 

78 

124 


Experimenlals 


37 m 

163 

no 

169 

33 m 

162 

98 

128 

22 m 

160 

100 

146 

35 f 

156 

107 

139 

36 f 

iSS 

100 

134 

25 m 

15s 

82 

174 

20 f 

ISO 

95 

158 

26 m 

138 

72 

151 

18 f 

135 

90 

170 

30 f 

13s 

75 

171 

38 m 

134 

90 

148 

23 f 

130 

75 

147 

29 f 

112 

63 

143 

Mean 

14s 

89 

1 

152 


Direct Measurements. The data obtained with the optical manometer are shown 
in table 4. The average diastolic pressure of the control rats was 78 mm. Hg and of 
the experimental rats, 89 mm. Hg. The difference between the two groups is signifi- 
cant statistically (P < 0.05). Inspection of the individual values shows that dia- 
stolic pressures of 90 mm. or more were recorded for 8 of the 13 experimental rats but 
for only i of the ii controls. Treatment of the data by the Chi-square method gave 
a probability of less than o.oi that this relation was a chance one. 
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The average plethysmograph readings up to the date of the Hamilton measure- 
ments are also recorded, being the post-rise averages of the experimental rats and the 
averages of the controls covering the last three months of the experiment. The mean 
of the readings in the former group is significant!}’’ higher than that of the controls. 
The mean systohe pressure of the c.xperimental rats recorded directly is also higher 
than that of the controls but not significantly so. The agreement is poor between 
the indirect and direct systolic readings in the same rat. (Coefficient of correlation 
is 0.26.) This was thought to be the result of the different circumstances under which 
the blood pressures ivere obtained. 

TABtE 5. PlETnysMOGRAPH ItEASCRKMEXTS OF BLOOD PRESSURE DIRECTLY BEFORE AXD AFTER 
lIAinLTON ILVKOIIETER DETERMIN'ATIO.VS IX THE SAME RAT 


1 

EATl 

PLETHYSMOGRAPH 

PRECEDI.VG 

HAiflLTOH* 

(D) 

nAUILTON’ i 

(LICnT ether) i 
(A) 

(A-r.) 

rtr.TnYsuocRAPn 
rOLlOVTS-C 
nAUILTOV 
(IICUT ether)' 

(b') 

(A-B') 


mm. Ug 

mm. Ug 

mm. 11 g 

mm. II g 

mm. II g 

1 m c 

122 

CO 

0 

+3 

116 

-^11 

14 m c 

126 

132/95 

4-26 

161 

-9 

12 m c 

101 

132/75 

-i-31 

135 

-3 

26 m e 

137 

115/66 

— 22 

107 

4-8 

8 f c 

162 

146/83 

— 16 

140 

4-6 

10 f c 

121 

133/85 

4-14 

126 

-b9 

3 f c 


98/58 


106 

-8 

6 f c 


105/60 


105 


33 f c 


156/107 


153 

+3 

29 f c 


112/63 


114 

— 2 

37 m e 


163/110 


158 

+5 

38 m c 


134/90 



-7. 


‘ m = male; f = female; c = control; e = expcriraental. 

- Each figure represents the average of at least 3 consecutive readings. 


This impression was verified by taking indirect raeaurements on a number of 
unanesthetized rats immediately before the Hamilton determinations and immedi- 
ately after while the rats were still etherized. The data from the study are shown in 
table 5. It may be seen that there is poor agreement, on the whole, between the 
Hamilton values {column A) and the preceding plethysmograph results {column B) 
and that the differences are of the same order of magnitude as sho'U'n in table 4. 
The coefficient of correlation between cohimns A and B is low (0.36). There is, 
however, close agreement between the Hamilton and the following plethysmograph 
readings {column B') in ii of the 12 anesthetized rats, the difference being no greater 
than II mm.Hg in any individual animal. The coefficient of correlation here is 0.83. 

A^JATOinCAL riKDINGS 

Examination of the ocular fundi in the living animals during the next to the last 
month of the experiment revealed no abnormalities^. At the close of the experiment 

* We are indebted to Dr. Irving H. Leopold of the Hospital of the University of Pennsylvania 
for this information. 
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a number of t]ie rats were killed, and various organs were weighed and preserved for 
histological examination. No changes of significance in the microscopic appearance 
of the adrenal glands were found. Although the average weight of the glands in the 
air-blasted rats exceeded the control values, the difference was not statistically sig- 
nificant. The weights of the cardiac ventricles were not significantly different from 
the expected weights calculated by Rytand’s formula (6). While the average ven- 
tricular weight of experimental rats was heavier than that of control rats, statistical 
analysis showed that no significance may be attaclied to the difference. 

I 

DISCUSSION 

The results described above verify the findings of Aledoff and Bongiovanni (1) 
that an elevation of systolic blood pressure may be found in rats subjected to pro- 
longed, repeated auditory stimulation. From unpublished data of their experiments 
we have ascertained that a nine month’s exposure to the sound of the air blast inter- 
vened before the second (high) blood pressures were recorded. Apparently, under 
the conditions of the experiments conducted by these authors and repeated by us, 
approximately that length of time must elapse before a change is noted in the levels 
of blood pressure. It would be interesting to determine the effects of a longer daily 
exposure to the air blast or of an exposure oftener than once a day. In spite of the 
fact that the results with the control rats seem to eliminate an age change as the 
explanation for the higher pressures in the experimental rats, it would be desirable 
to brmg about the result in a shorter time if only for the sake of convenience. 

Direct blood pressure determinations with a Hamilton monometer failed to 
corroborate our previous finding of a significant increase in the systolic blood pres- 
sures of the experimental rats. However, when the blood pressure was recorded by 
the tail plethysmograph and the Hamilton manometer under as nearly identical 
conditions as was possible for us to obtain, the readings agreed quite closely. This 
would be expected from reports in the literature comparing the two methods (4, 5). 
These observations suggest that the procedures accompanying the direct method may 
have altered the blood pressure as found in the intact, unanesthetized rat. Trau- 
matization and etherization, the depth of which is difficult to control, may be factors 
that either raised or lowered the systolic pressure. The question arises whether the 
diastolic pressures were not also changed by ether administration. Studies on the 
effects of ether upon the circulation reveal that it causes widespread peripheral 
relaxation, which would only serve to lower the diastohe pressure (7). Actually our 
data reveal a significant increase in diastolic pressure in the experimental group, as 
recorded upon etherized rats. This is all the more impressive in face of the over-all 
lowering of the systolic pressure in these same animals apparently due to the ether 
anesthesia and other circumstances involved in the recording of direct blood pressures. 

Systofic pressures of 1 50 mm. or greater in 64 per cent of the air-blasted rats 
exceed values for normal rats reported by various authors who have used the tail 
plethysmograph. Readings no higher than 140 mm. in unanesthetized rats were 
recorded by Sulkin and Brizzee (8). The figures of Williams, Wegria and Harrison 
(9) show that less than 5 per cent of 1207 animals had systolic pressures of 140 to 150 
mm. Loomis (10) reported 12 per cent of 100 rats with blood pressures of 140 to 150 
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mm. and 4 per cent between 150 and 160 mm. With other indirect methods similar 
results were obtained. In direct blood pressure measurements using Hamilton's 
optical manometer, Schroeder (ii) found in 124 normal rats anesthetized with pento- 
barbital levels of 141 to 1 50 mm. in 1 1 animals and 151 mm. or more in 14 rats. That 
is, II per cent of his population had systolic blood pressures over 150 mm. The 
most stringent treatment of our data rev'caled an elevation of blood pressure over 
150 mm. in 48 per cent of the rats. 

While Grollman (12), Reed el al. (13), and others consider that a sustained aver- 
age systolic blood pressure of 150 mm., as measured by the tail plethysmograph, 
indicates hypertension in the rat, we do not suggest that the elevation of blood pres- 
sure found in our experimental rats is comparable to that produced in renal hyper- 
tensive animals in which pressures of 180 mm. and higher are not uncommon and in 
which pathologic changes in the kidneys are demonstrable. Our experiments seem 
to show, however, that prolonged, repeated exposure to a stimulus that is of an extero- 
eeptive (auditory) nature resulted in an increase in both s^'stolic and diastolic blood 
pressure over the previous levels in the same rats and over the blood pressures of 
control rats. 


SUilMARY 

After a year's exposure to the sound of a blast of compressed air, 5 minutes a day 
for 5 days a week, the average systolic pressure of 25 gray Norway rats rose from an 
initial value of 113 mm. to 154 mm. in the last 2 months. The change is statistically 
highly significant. A control group of 17 animals, most of them litter mates of the 
experimental rats, showed an increase from 124 to 127 mm.Hg in the same period. 
Sixteen of the air-blasted animals (64%) and 2 of the controls (12%) had average 
blood pressures of 130 mm. or more at the close of the experiment. 

Monthly averages indicated that the rise in systolic blood pressure of the experi- 
mental rats tended to occur in the ninth month after air blasting was begun. In the 
majority the increase occurred rather abruptly. The average of all systolic pressure 
readings in each rat before and after the rise showed an average change of + 29 mm. 
The difference is statistically highly significant. No such change was observed in 
the control group. 

A significant increase in diastolic pressure (recorded under ether anesthesia wdth 
a Hamilton manometer) was found in a number of the experimental rats. There 
was no correlation of direct systolic blood pressure readings taken under ether anes- 
thesia and indirect readings taken on the same but unanesthetized rats. There was 
a good correlation of indirect and direct systolic measurements when taken under as 
nearly identical circumstances as possible. 

The results of the experiment suggest that an auditory stimulus applied over a 
prolonged period of time may produce an increase in the systolic and diastolic pressure 
of the rat. 
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ADRENALECTOMY AND BLOOD PRESSURE OF RATS 
SUBJECTED TO AUDITORY STIMULATION 

s. McDonald mccann, alan b. rothballer, eleanor h. yeakel 
> AND HENRY A. SHENKIN 

From the Wistar Institute of Anatomy and Biology and the Harrison Department of Surgical 
Research, Schools of Medicine, University of Pennsylvania 

PHILADEtPinA, PENNSYLVANIA 

P REVIOUS investigations on the effect of prolonged auditor}’’ stimulation in 
rats indicated that an elevation of blood pressure resulted in the majority of 
the animals (1,2). It seemed possible that the experimental procedure con- 
stituted a chronic alarming stimulus and produced the increase in blood pressure 
through the pituitary-adrenal cortex mechanism (3-5). As a step toward testing 
this hypothesis, rats with elevated blood pressures following prolonged air blasting 
and a group of control animals were subjected to adrenalectomy and subsequent re- 
placement therapy. If the elevation in blood pressure was mediated by the adrenal 
cortex, the blood pressures of both groups would be expected to return only to normal 
on replacement therapy. If, on the other hand, adrenal cortical overactivit}’’ was 
not responsible for the elevation of blood pressure in the experimental animals, restor- 
ation therapy might be expected to produce some restoration of elevated blood 
pressure in the air-blasted animals. In support of this concept, some restoration of 
h}'pertension due to renal ischemia (7-15) and intracisternal kaolin (16) does occur. 

METHOD 

Seven experimental and 4 control rats, ranging in age from ih to 2 years, were 
chosen from the groups already reported (2). The former, subjected to auditory 
stimulation for a year, had exhibited a sustained elevation of systolic blood pressure 
during the last 2 to 4 months of air blasting. The blood pressure of 3 of the controls 
had remained unchanged durmg the year, while the fourth rat had developed hyper- 
tension spontaneously. Blood pressures were taken with a tail plethysmograph 
without anesthesia (2). The ii rats were adrenalectomized under ether anesthesia 
through the mid-dorsal approach and given lo.o cc. of physiological saline solution 
subcutaneously following operation. They iv'ere maintained thereafter on one per 
cent sodium chloride in the drinking water. Exposure of the experimental rats to 
the air blasting was continued to eliminate the possibility of a fall in blood pressure 
due to cessation of the auditory stimulus. A prompt fall in blood pressure occurred 
after adrenalectomy. The blood pressures were followed for an average period of 
four weeks, during which time it was ascertained that a pronounced fall had occurred. 
Adrenal cortical extract^ was then administered intramuscularly to both groups in a 
dosage of i.o cc. per animal per day for 12 consecutive days. During the time be- 

Received for publication May 24, 1948. 
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tween adrenalectomy and the beginning of cortical extract therapy, small doses 
(2.5 mg.) of DCA" were given to prevent collapse from acute cortical insufficiency, 
the maximum for any one rat being lo.o mg. of DCA over a period of more than two 
weeks. Blood pressure determinations were made every other day during cortical 
e.xtract administration. 


Table i. Average systolic blood pressures of air-blasted and control eats 

BEFORE AND AFTER ADRENALECTOMY AND REPLACEMENT THERAPY 



AVT-RACE SYSTOLIC BLOOD rHESSUKE IN MM. Hg 

KO. or KAT AND EEX 

Before ftdrenalcctomy 

After adrenalectomy 


(i) j (A 

(3) 

(4) 



Salt only 1 

Stabilized on salt 
& cortin 


Air Blasted 


20 f. 

117 

168 

117 

126 

22 m. 

109 

149 

no 

131 

25 m. 

129 

170 

125 

119 

35 f. 

121 

137 

98 

123 

37 m. 

139 

160 

92 

120 

39 h 

130 

170 


121 

40 {. 

141 

183 


137 

Mean 

127 

162 

108 

125 


Control 


I m. 

10 f. 

12 m. 

13 m. 

120 

117 

131 

131 

i6i‘ 

no 

123 

136 

HI 

77 

100 

99 

160I 

95 

122 

118 

Mean 

I2S 

I2S 

97 

112 



‘ This value not included in computing mean or statistical significance. 


RESULTS 

The results of the experiment are shown in table i. The blood pressure deter- 
minations presented before adrenalectomy are averages obtained before and after the 
elevation in blood pressure had occurred, as explained in the previous paper (2) . The 
average initial blood pressures of the experimental and control animals were 127 and 
125 mm. Hg, respectively (column i); during the last two momths of the year’s ob- 
servation the averages of the air-blasted and the control rats were 162 and 123 mm., 
respectively (column 2), not including the one control showing a spontaneous hyper- 
tension of 161 mm. Following adrenalectomy the blood pressures of both groups 
fell within a week to subnormal levels; i.e., 108 and 97 mm. Hg (column 3). The 
blood pressures did not reach lower levels because of the small doses of DCA admin- 


* ‘Cortate’ kindly furnished by Schering Corporation. 
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istered at appropriate inter\fals. After the administration of cortical extract the 
blood pressures of both groups rose in seven days or less to 125 and 112 mm. (column 
4), except for the spontaneously hypertensive control, whose pressure returned to the 
pre-adrenalectomy value. These levels were maintained for a minimum of five days 
before the experiment was terminated. 

The experimental data were subjected to statistical analysis. The fall in blood 
pressure following adrenalectomy and the subsequent rise after treatment with ad- 
renal cortical extract were significant both in the experimental (p < 0.001 ; p < 0.05) 
and in the control rats (p < 0.02 ; p < o.oi). The blood pressure of the experimental 
animals after restoration therapy was significantly lower (p < 0.001) than the pre- 
adrenalectomy figure, while there was no significant difference between comparable 
blood pressures in the controls. The blood pressures of both groups on cortical 
extract did not differ significantly from the initial values. There was no statistically 
significant difference between the blood pressures of the experimental and control 
groups when given replacement therapj’- after adrenalectomy. 

DISCUSSION^ 

From the foregoing data it may be seen that in no instance was there any res- 
toration of elevated blood pressure in the adrenalectomized animals except in the 
case of the spontaneously hypertensive control, where restoration was complete. 
In both the controls and air-blasted rats, cortical extract did produce a rise in blood 
pressure to normal levels. 

It has been shown repeatedly that after adrenalectomy cortical extract is capable 
of partially restoring hypertension due to renal ischemia (7-15) and intracisternal 
kaolin (16). Two reports were found in the literature (17, 18) giving relatively 
negative results. In none of the papers in which the dose of cortical extract was 
specified did the dose exceed that used here. 

Since comparable doses of adrenal cortical extract produced to a degree restora- 
tion of renal h3q)ertension after adrenalectomy and only returned the blood pressure 
of our animals to normal, it is suggested that adrenal cortical overactivity may play 
some essential role in audiogenic hypertension. The elevated blood pressure of the 
spontaneously hypertensive control apparently did not depend on this mechanism. 

In experiments by Selye (5) hypertension and nephrosclerosis similar to that 
produced by DCA overdosage have resulted from the exposure of rats to chronic 
alarming stimuli; i.e., cold, formalin and exercise. Auditory stimulation is not 
known to be a physically damaging agent, and the exercise with occasional seizures 
resulting from the excitement did not seem to be of the same magnitude as that used 
by Selye. Also high salt intake was necessary to sensitize his animals to the effects 
of exercise. Thus it seems improbable that exercise was the alarming stimulus in our 
experiments, but fear has been considered a potent alarming stimulus (4) and may 
have been the initiating factor here. 

The adrenal medulla has not been ruled out as a possible source of the elevated 
blood pressure in these animals. Because of the difference in response of these ani- 
mals from those with renal ischemia, it is likely that the kidney is not primarily in- 
volved in this tjqie of experimental hypertension, but the possibility of secondary 
renal involvement as suggested by Selye and Stone (6) must be considered. 
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SUilllARY 

To investigate tlie possible role of the adrenal cortex in the production of ele- 
vated blood pressure after prolonged auditory stimulation, adrenalectomy, with sub- 
sequent restoration therapy using adrenal cortical extract and sodium chloride, was 
performed on a group of experimental and control animals. Adrenalectomy lowered 
the blood pressure of both groups to subnormal levels. Replacement therapy with 
cortical extract and salt resulted in a return to normal systolic pressure in botli 
groups. Hypertension was restored only in the case of a spontaneous!}’’ hypertensive 
control. It is suggested that the adrenal cortex mediated the elevation of blood 
pressure occurring during prolonged auditory stimulation. 
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ASYSTOLIC ARTERIAL PRESSURE GRADIENT AS A 
MEASURE OF LOCAL PERIPHERAL RESISTANCE^ 

ARNOLD H. WILLIAMS axd HENRY A. SCHROEDER 

From the Department of Internal M cdicine and the Oscar Johnson Institute for Medical Research, 
Washington University School of Medicine, and Barnes Hospital 

ST. rouis, inssoum 

P eripheral resistance may be defined as the frictional force opposing blood 

flow from the arterial to the venous system. The total force is composed of 

several resistances offered by various sizes of vessels, i.e., arteries, arterioles, 

capillaries and veins. Of these, the principal resistance results from the draining 

arterioles and is a function of blood viscosity and arteriolar diameter. There are a 

number of regional shunt pathways between the arterial and venous system, which 

are arranged in parallel and are related to total peripheral resistance (TPR) by the 

,1111 , . 
equation (i, 2): = tT T tT + tTj ^^c., in which Ri, Ro, R3, etc., refer to resis- 

i i K. Ivi iv2 i\.3 

tances of local circulations in various organs and areas of the body. 

It is well known that while peripheral resistance may change equally throughout 
the body, territorial distribution of resistance may vary without altering TPR. It 
therefore seemed important to attempt to measure the relative resistances of these 
local circulations, in order to evaluate the part each might play in the total peripheral 
resistance. Of special interest w^ere the changes which might occur in local areas 
under the influence of vasoactive drugs, temporary cessation of blood flow and altered 
physiological states such as hypertension and shock. 

We have defined the asystolic arterial pressure gradient as the descending curve 
of intra-arterial pressure fall following sudden occlusion of a major artery supplying 
a local circulation. This report concerns an evaluation of the validity of the use of 
the gradient as a measure of local peripheral resistance; subsequent reports will deal 
with methods of measurement of the gradient and its use in altered circulatory states. 

METHOD 

Twenty-five dogs have been used and several hundred curves were obtained. The dogs were 
anesthetized with nembutal (0.02 gm/kg. intravenously) followed by smaller doses given as necessary 
to maintain anesthesia. Arteries supplying single circulations were chosen, i.e., the brachial, femoral, 
superior mesenteric and renal, in order to provide major portions of the circulation for measurement. 
Of other major areas, the carotid was not used because of the extensive collateral circulation to the 
brain in the dog. A 22- or 24-gauge needle connected to a Hamilton optical manometer was inserted 
into the lumen of the artery chosen, directed distally, and the artery occluded at a point proriinal to 
the needle. When the renal, femoral and brachial vessels were used, this point was usually within 3 
. cm. of the needle; in the case of tlie superior mesenteric, the occlusion was made near its origin and the 

Received for publication August 3, 1948. 
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needle, directed proximally, tied into a small branch dose to the intestine. The occlusions were made 
to coincide as nearly as possible with the peak of systole. The subsequent intra-arterial pressure 
changes, distal to the point of occlusion, were recorded on a photokymograph for about 8 to 12 sec- 
onds, and the oedusion then removed. Occlusions were sometimes accomplished by digital pressure 
or ligature but a rubber padded hemostat was found to be more satisfactory. To avoid mechanical 
artifacts, it was verj' important that changes in the relative positions of the artery to the needle be 
prevented during the gradient determination, and that the artery be as well e.vposed for the occlusion 
as e:qDerimental conditions permitted. A period of no less than 15 seconds between one occlusion 
and the nest was found to be advisable. Systemic blood pressure was sometimes measured simul- 
taneously from another arterj* with a second Hamilton manometer. 

Measurements in unexposed arteries were made in a few dogs before and after anesthesia was 
induced. They were also made in several human subjects, using the unc.sposed brachial or radial 
arterA’, and occluding the arterial supply to the arm b3' means of a pneumatic cuff inflated rapidly 
from a large reser\'oir. 

In 6 experiments gradient determinations were correlated with simultaneous measurements of 
femoral or brachial blood flow. The arteries were cannulated and blood flow measured by a recording 
rotameter {3) whiclr was placed in a circuit beLveen one femoral arterj’ and the other or between the 
carotid and brachial arteries. Gradients were measured with the 'arterial needle’ placed in the con- 
necting rubber tubing as close to the cannula as possible with occlusion just proximal to this point. 
Simultaneous measurements of systemic blood pressure were made with another Hamilton manometer 
from the carotid or femoral arterj'. .^s an anticoagulant pontamine fast pink (tjq^e DL — Dupont) 
combined with heparin in normal saline was injected slowly bj’ vein. The initial dose was 150 mg/kg. 
and I mg/kg., respectivelj-, with subsequent hourly sustaining doses of 100 mg. pontamine plus i mg. 
heparin. In these and in otlier experiments, one or two wire tourniquets were placed about the limb, 
near the axilla or in the mid-thigh region, beneatlr the respective artery, vein and adjacent large 
nerves, in order to occlude collateral circulation. 

All records were measured, at least twice, in a specially constructed grid in which the pressure 
was determined at accurate cightli-inch intervals. As different photokymographs and film speeds 
were used, this permitted measurements to be made everj' 0.12 to 0.7 second and linear plots of the 
curves to be constructed. The accuracy of the method was found to be ± 2 mm. Hg on repeated 
measurements. 

The gradients were measured in tlie following manner: the mean blood pressure of the cardiac 
cycle immediately preceding tliat of the gradient was used as the initial pressure of each gradient 
(cf. below). The point at which a smooth descending curve began was used as the starting point 
from which measurements of pressure and post-occlusion time were made. Characteristics of the 
curve Avithin the first 8 seconds after occlusion A\'ere usually studied. The methods of quantitating 
and expressing changes of resistance will be discussed in another report. 

RESULTS 

Figure i exemplifies a typical response of the femoral arterial gradient to the 
intravenous injection of 100 7 of epinephrine. Blood flow and systemic blood pres- 
sure w^ere measured simultaneousl}\ Mean blood pressure rose abruptly following 
epinephrine and during its decline femoral vasodilatation was indicated by increased 
blood flow and a lowering of the gradient. Later, Avhen mean systemic blood pressure 
was almost the same, femoral vasoconstriction was shown by a decrease in femoral 
blood flow' and a rise of the gradient. Figure 2 show's representative femoral gradient 
responses obtained before and after injection of epinephrine and later of sodium 
nitrite. No attempt w'as made to control collateral circulation in this experiment. 
These examples are illustrative of the responses obtained in most experiments. Thus 
it becomes evident that the asystolic arterial pressure gradient can be used as an 
index of changes in local peripheral resistance. 
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The greatest part of tlie pressure fall of the gradient (65-85%) occurred during 
the first 1.5 seconds. This portion was arbitrarily designated as the a section. The 
second portion declined more gradually and was defined as the fi section of the gra- 
dient. Regional a and ^ differences appeared in the records. The renal and mesen- 
teric arterial gradients showed an early rapid fall of pressure in contrast to a more 
gradual decline in the femoral and brachial arteries (fig. 3). In each instance, hov;- 
ever, the pressure fall continued in all determinations for as long a period as we have 
measured (2 minutes). 


DISCUSSION 

The diastolic slope of arterial pressure has long been known to reflect changes of 
total peripheral resistance, being diminished when resistance is high and increased 
when it is low (1,4). Following arterial occlusion the subsequent intra-arterial hemo- 
dynamics depend on several factors. The propulsive force acting to empty blood 
from the arterial segment is at first chiefly dependent upon the pressure prevalent 
at the instant of occlusion and then is sustained by the elastic recoil of the arterial 
wall. The force resisting draining is due principally to the frictional resistance of the 
arterioles imposed upon the outflowing blood. Both arteriolar diameter and blood 
viscosity interact to produce this resistance. Thus, with the inflow cut off, the blood 
volume within the arterial segment is steadily diminishing during a gradient deter- 
mination. The asystolic pressure gradient delineates two pressure flow curv'es; the 
first, or a gradient, under relatively physiological conditions, and the second, or ^ 
gradient, with a prolonged period of little flow driven by a lower pressure head at a 
decreasing velocity and increasing effective viscosity. At any given instant, there- 
fore, the intra-arterial pressure and blood volume are the net results of aU these forces. 
The influences which act to produce the shape of the cur\'es obtained in these e.xperi- 
ments will be considered separately. 

Inlra-arlerial Pressure at Inslanl of Occlusion. Arterial occlusions were timed to 
coincide as nearly as possible \nth the systolic peak, but were often made on the 
systolic or diastolic slope. Sometimes arterial compression itself altered the initial 
pressure from which the gradient dropped, adding variation to that already inherent 
in the timing of the occlusion. On study of successive cuiv'es, however, it soon be- 
came apparent that the initial pressure was less significant than was the mean pressure 
at the start of the gradient. A large difference in initial pressure betw'een two curves 
with the same mean pressure might shift the timing of the gradient by as much as 
o.io second but the rates of fall of pressure and the shapes of the cuiv*es were essen- 
tially the same in each case. 

Effect of Arterial Elasticity. Once systemic blood pressure is cut off, intra- 
arterial pressure is directly related to the force of the elastic recoil of the arterial wall 
acting against the resistance of the arterioles. It is evident, therefore, that the gra- 
dient is a measure of both elasticity and resistance. 

The directional changes of both arterial elastic recoil and arteriolar diameter are 
opposite to each other under most physiological conditions, and it is difficult to decide 
wffiere the influence of one leaves off and of the other begins. Although w'e have not 
measured arterial elasticity, we believe that there is sufficient evidence to warrant 
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the conception that it pla3>-s a relatively minor role in the shape of the gradient, a) 
When the force of elastic recoil was increased by an increase in systemic blood pres- 
sure, the gradient should have shown a more rapid fall if the principal effect was due 
to elasticity. This did not occur. 6) When the coefficient of elasticity was altered 
by drugs, the changes found were in the opposite direction to those expected if elas- 



Fig. r. SmULTANEOUS deterionations of femoral arterial gradient and femoral 
BLOOD FLOW. B IS the blood flow, measured with a recording rotameter, F the blood pressure of the 
left femoral artery, and S the systemic blood pressure measured in the right femoral artery. Time 
is indicated by interruptions of the 5 curve at 6-sec. intervals. A tight wire tourniquet was placed 
about the limb, occluding collateral circulation. The 3 " systolic pressure has been marked manually, 
in order to intensify it. Cvree i was obtained 48 sec. before the intravenous injection of 100 7 of 
epinephrine, and curves 2 and 3, 25 and 143 sec. respectively, afterwards. Vasodilatation is shown 
in 2 by a lowering of the gradient, an increase of B accompanied by an increase of S. Vasoconstric- 
tion is shoivn in 3 by a rise of the gradient, and a decrease of B, without change in S from curoe 2. 
Due to the hydrodynamics of the rotameter, flow is not shown as falling to zero during tlie period of 
occlusion. (Dog W 25 — wt. 22 lbs.) 

ticity were a major factor (figs. 1-3). c) A femoral arterial pressure-volume curve 
was constructed from published data (13) shown in table i. Analysis indicates that 
arterial elasticity changes relatively little at the higher pressures (150-200 mm. Hg) 
when elastic limits are approached, but that the slope of the curve is essentially a 
straight line at pressures below 140 mm. Hg. At these lower pressures the rate of 
change of elasticity can be assumed to be almost constant. It is with these levels of 
pressure that the gradient is principally concerned. 

Intra-arterial Blood V olnme. It is probable that alterations of arterial elasticity 




Fig. 2. Represektative EEJiORiU. GRiSBiENT RESPONSES. Thc shaclccl arcRS indicate the range 
of determinations of gradients (7 successive ones in yl, and 4 in R) obtained at 1 2-sec. intcn'als during 
control periods. The arrow indicates the direction of change, the lower border being thc first curve 
and the upper the last. Thus it is probable that vasoconstriction occurred although no attempt was 
made to control collateral circulation. A shows cur\'cs, numbered 1-5, obtained 30, 56, Sr, 105 and 
1 21 seconds after the intravenous injection of 100 of epinephrine. It would appear that a vaso- 
dilatation occurred, synchronous with thc rise of systemic blood pressure, followed shortly by a 
progressively diminishing vasoconstriction while thc pressure remained elevated. B shows cun’cs, 
numbered 1-4, obtained 59, 79, 97 and no seconds, respectively, following thc intravenous injection 
of o.i gm. sodium nitrite. An initial vasodilatation occurred which progressively diminished while 
systemic pressure fell continuously. (Dog W 74— wt. 30 lbs.) 
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Fig. 3. Records of regional gradients. Photokymographic records of the gradients 
obtained from different arteries. On the left are curves obtained from the femoral artery' (dog W 14) 
under various conditions, the middle being the control. The lower curve was made 56 sec. after the 
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do not cause great variations of femoral intra-arterial blood volume (table i). The 
pressure-volume curve therefore can be used as an approximate index of blood flow 
under the conditions of gradient determination. Assuming that the pressure is 
related to the fluid content of the system at a specific instant, then because there is no 
inflow, the change of pressure during a given time is a measure of blood outflow. 

Blood Viscosity. Blood viscosity has been assumed to remain constant under 
the experimental conditions. Presumably the effect of viscosity increases as flow 
decreases during prolonged arterial occlusion. The action of epinephrine in increas- 
ing hemoconcentration, and therefore viscosity, may influence our results, but this 
influence is probably small and may be absent when other drugs are used. 

Repeated Determinations. Repeated gradient determinations, i.e., arterial 
occlusions, appeared to cause a slight degree of femoral, brachial and mesenteric vaso- 
constriction if performed at too short intervals, that is, less than 15 seconds apart 
(fig. 2) . These were quickly reversible. If arterial occlusions were greatly prolonged 
marked vasodilatation occurred, presumably from reactive hyperemia. Reversible 
renal vasodilatation was generally found after rapidly repeated determinations. 
Dicrotic notches were not seen in any of the curves, even when marked vasospasm 
was induced. 

Collateral Circulation. The contour and rate of pressure fall of the asystolic 
arterial pressure gradient may be markedly influenced by collateral circulation, except 
possibly in the kidney. Under normal conditions collaterals do not supply blood to 
these cognate^ vascular beds as tliere is no pressure differential between the collateral 
and cognate systems. Intra-arterial pressure (P a) falls in the cognate system during 
the gradient determination while the pressure within the collaterals (Pc) remains 
unchanged. Therefore, the differential pressure, P c — P a> increases proportionately 
to the fall of Pa- This differential pressure head and content of blood within the 
collaterals is transmitted into the cognate system in amounts proportional to the 
diameter of the collaterals and the magnitude of Pc — Pa- The amount of this 
blood flow may be considerable (5) and may increase with repeated gradient deter- 
minations. 

The presence of collateral circulation is detected by a) pulsations in the curve 
synchronous with the pulse rate, h) a rise of pressure during the gradient determina- 
tion and c) an increase of gradient pressure levels in sequential curves of a control 
period. Despite these facts it seems probable that the asystolic gradient is a measure 
of local peripheral resistance when the curve shows a smooth progressive non-pulsatile 
fall. There are several lines of evidence for this view, a) Gradient changes were 
found following the injection of a vasoactive drug in the absence of any change in 
systemic blood pressure, h) Gradient changes have been shown to occur in a direc- 

* Cognate denotes the direct lineal arterial pathways as contrasted to collateral pathways (5). 

intravenous injection of 100 7 of epinephrine, and the upper made 7 min. later. Note that the change 
in systemic blood pressure, indicated on the scale at the left, was relatively less than the change in 
the shape of the gradient. The curves obtained from the renal (upper right— dog W 13) and mesen- 
teric arteries (middle right— dog W ip) show a more rapid fall during the a gradient period than do 
those from the femoral. The lower right curve (dog W ip) was made about 2 hours after the middle 
one, when the animal was in a state of incipient shock. Note that the shape has changed con- 
siderably and that the systemic blood pressure is lower. Time is indicated at 2-sec. intervals along 
the abscissa. No attempt was made to control collateral circulation in these experiments. 
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tion opposite to the change of systemic blood pressure (figs, i and 2A), vdiich is 
contrary to what might be expected from the Pc “ Pa differential, c) Similar 
curves have been obtained following the action of a drug whether or not collateral 
circulation has been prevented (compare figs, i and 2A). d) In some instances, v/hen 
collaterals were obvious, typical gradient changes occurred following the action of 
vasoactive drugs, c) Presumably the diameter of the collateral channels are influ- 
enced similarly to the arterioles by vasoactive drugs. 

In two experiments (nos. TP-ap and TP-50), with conspicuous collateral blood 
flow into the cognate bed, progressive ligation of all visible collaterals of the widely 
exposed femoral artery was accomplished, the process being interspersed with gradient 
determinations. Later wire tourniquets were applied and a comparison made of the 

Table i. Calculation or the volume op blood in the PEiiOEAi. artep.y of a 15-KG. dog 

(0.5 SQ. M. body SURPACE) 


PRESSURE 

CC. REOOO VOL. I?? 

BOTH LEGS / SQ. M. 

BODY SURTACE 

CALCULATHO CC. 
MOOD VOL. IS 
rEMOEAL ASTEP.Y 

0 

46.3 

8.68 

20 

48.0 

9.00 

40 

50.3 

9-43 

60 

52.5 

9. 84 

80 

55-0 

10.31 

100 

56.8 

10.65 

120 

S8.6 

10.99 

140 

60.3 

n.30 

160 

61.5 

11-53 

180 

62.3 

11.68 

200 

62.9 

11.82 


Data calculated from table 2 of the paper by Remington and Hamilton (13). The above 
values are probably high for femoral blood volume as pelvic blood supply was included in the original 
calculations. The femoral volume was considered to be three fourths of tlie total of that of a single 
hind leg. 

gradients taken under the two conditions. The gradient fell more abruptly and the 
P section was at lower pressure levels after the tourniquets had been tightened. 

There are no absolute criteria of vasoactivity in the determination of the gradient 
when collateral circulation is present, unless simultaneous measurements of blood 
flow are made. The only conditions under which one can be certain that collaterals 
have no effect upon the gradient are when flow is diminished, pressure unchanged or 
lower, and the gradient rises, a combination of changes indicating local vasocon- 
striction. Similarly, when flow increases, pressure is unchanged or rises and the 
gradient falls, vasodilatation without collateral interference can be assured. Thus, 
for example, a rise of the gradient following a drug injection, when collateral circu- 
lation is not excluded, may be due to pressure and flow transmission from the collateral 
into the cognate system and/ or vasoconstriction. However, for the above reasons 
we believe that the asystolic arterial pressure gradient is a qualitative measure of 
local peripheral resistance in the presence of collateral circulation, and a quantitative 
measure if collateral circulation is excluded, provided that mean pressure is taken 
into consideration (6). 
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Effects of Prolonged Arterial Occlusion, In some femoral and brachial gradient 
determinations, arterial occlusion was prolonged up to two minutes. When the 
initial mean blood pressure was about 100 mm. Hg, intra-arterial pressure reached 
venous pressure levels in about two minutes when collateral circulation was excluded. 
With higher initial pressures, venous pressure levels were not reached during this 
time. , Even with collateral circulation present, gradient pressures continued to fall 
at the end of two minutes. Such prolonged occlusions are followed by marked vaso- 
dilatation and increase of blood flow. It is doubtful, therefore, that any change of 
venous pressure with such drugs as epinephrine or sodium nitrite plays a part in the 
form of the gradient, for such changes are extremely small (7, 8). 

The vasodilatation noted after prolonged arterial occlusion, in response to 
anoxia or the accumulation of metabolites, may occur at some point along the course 
of the gradient. We have seen no evidence, however, of sudden changes in the 
gradual decline of the curve, which would indicate a more rapid outflow of the blood 
captured in the local arterial network. In two experiments in man, using photo- 
electric plethysmographs on the fingers, prolonged brachial occlusions were 
followed by relatively rapid but small decreases in finger volume occurring 25 
seconds later. 

Finally, a word may be said about the levels of pressure at which flow ceases. 
Some investigators (9, 13), using data derived from perfusion of limbs (10), have con- 
sidered that effective flow is proportional to pressure minus 20 mm. Hg, which sug- 
gests that below this level flow ceases. Our experiments do not support this hy- 
pothesis. Often gradients of the renal and mesenteric systems fell to 10 mm. Hg or 
lower in the first 3 seconds. In a few cases femoral and brachial arterial gradients 
affected by vasodilating drugs fell to a range of 12 to 17 mm. Hg within 10 seconds. 
During prolonged arterial occlusion pressure continued to fall as long as the artery 
was clamped. The role of dilatation induced by ischemia on the continued fall of 
pressure is not known, but if blood flow continues as long as pressure is falling, we 
believe that 20 mm. Hg is not the level of pressure at which flow ceases. Therefore, 
effective flow should probably be considered as proportional to arterial pressure minus 
venous pressure. The data of others (ii, 12) bears this out. 

SUMMARY 

The asystolic arterial pressure gradient has been defined as the descending curve 
of intra-arterial pressure following sudden occlusion of a major artery. Evidence was 
presented that the gradient can be used as a measure of changes in the peripheral 
resistance of local areas of the circulation. This measure is strictly quantitative 
only if collateral circulation is excluded but it may be used as a quahtative index of 
resistance when some collateral circulation is present. 

The hemodynamic factors involved in the formation of the contour of the 
gradient were discussed. 

We wish to express our appreciation for the technical assistance of Marie Klose and Betty D. 
Wheeler. 



140 


ARNOLD H. WILLIAMS AND HENRY A. SCHROEDER 


Volume IS5 


REFERENCES 

1. Wezler, K, and a. Roger. Ergch. d. Physiol. 41: 292, 1939, 

2. Green, H. D. In Medical Physics (cd. by Otto Glasser). Chicago: A'car Book Publishers, 
Inc., 1944. P. 208. 

3. Gregg, D. E., R. E. Siupley, R. W. Eckstein, A. Rotta, and J. T. Wearn. Proc. Soc. Exp. 
Biol. & Med. 49: 267, 1942. 

4. WiGGERS, C. J. The Pressure Pulses in the Cardiovascular Syslem. London: I>ongmans, Green 
& Co., 1928. 

5. Green, H. D., R. S. Cosby and K,. H. Radzow. Ain. J. Physiol. 140: 726, 1944. 

6. WiELiAiis, A. H.. To be published. 

7. CONNET, H. Am. J. Physiol. 54: 96, 1921. 

8. Wilkins, R. W., F. W. Haynes, and S. Weiss. J. Clin. lines. 16: 85, 1937. 

9. Bazzett, H. C., F. S. Cotton, L. B, Laplace, and J. C. Scott. Am. J. Physiol. 113: 312, i935- 

10. WinTTAKER, S. R. F. and F. R. Winton. j. Physiol. 78: 339, 1934. 

11. Pappenheimer, j. R. and J. P. Maes. Am. J. Physiol. 137: 187, 1942. 

12. Green, H. D., R. D. Leivis, N. D. Nickerson, and A. H. Heller. Am. J. Physiol. 141: 518, 
1944. 

13. Reiongton, W. F. and W. F . Hamilton. Am. J. Physiol. 148: 25, 1947. 




THE AMERICAN 


JOURNAL OF PHYSIOLOOT^v 


Published by 

THE AMERICAN PHYSIOLOGICAL SOCIETY'. 






Volume 155 


November 1^48 




INVESTIGATIONS OF FREE AND BOUND POTASSIUM IN RAT 

BRAIN AND MUSCLE^ 

‘ DA^TD STONE and SUMNER SHAPIRO 
From the Worcester Foundation for Experimental Biology 

SHREWSBURY, MASSACHUSETTS 

I T IS the purpose of the present paper to investigate what fraction of the total 
cellular potassium occurring in rat brain and muscle is diffusible. The exist- 
ence of a non-diffusible form of potassium has been suggested by several in- 
vestigators. Yannet (8) discusses a potassium fraction within the cell which is not 
osmotically active and refers to this as a ‘bound fraction’. Fenn (2), in a review of 
the r 61 e of potassium in physiological processes, cites Ernst’s conclusion that stimula- 
tion of a muscle results in the breakdown of ‘potassium compounds’ with a resulting 
loss of diffusible potassium from the cell, when cell permeability is increased, and 
later he refers to Neuschlosz’s finding that a certain fraction of muscle potassium 
cannot be extracted from minced muscle by isotonic sodiirai chloride. Pichler (5) 
describes a water soluble, a lipoid soluble and a third potassium fraction found in 
the central nervous system of frogs and Reginster (6) reports the existence of two 
potassium fractions, a diffusible and a non-diffusible fraction, in muscle, the former 
increasing with activity. Several authors discuss the nature of bound potassium. 
Christiansen and Hastings (i) find that with increasing pB., cephalins bind appre- 
ciable amounts of potassium and Folch (3) claims that three brain lipids — cerebron . 
sulfuric acid, phosphatidyl serine and diphosphoinositide taken together can bind 
27 per cent of the potassium occurring in brain. 

PROCEDURE 

UlirafiUers. In the experiments that follow, an ultrafiltration apparatus was 
devised wherein collodion was used as a semipermeable membrane. To construct 
ultrafilters, visking cellulose sausage casing (20/23" inflated diameter) was cut into 
six-inch strips and washed until sodium and potassium free. Strips were knotted 
at one end and tested for leakage, then passed over No. 2 rubber stoppers which 
had been fitted on separatory funnels, and bound tightly in place with washed No. 
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12 Cuddyhunk. The diameter of the Cuddyhunk is important; if too small, tight 
binding will tear the collodion; if too large, the binding will not be secure. 

Linen or down-proofing bags which had been boiled and washed v/ere secured 
around the collodion bags to prevent their exploding under pressure and the filters 
thus constructed were fitted into side-arm suction flasks and tested for leakage with 
distilled water under one atmosphere air pressure. To prevent leakage it is essential 
that the collodion be kept moist after once being wet. Liquid collodion was used 
to make air-tight seals between glass and rubber connections, 

UUrafillration of conlrol sohilions. Control solutions containing known con- 
centrations of sodium and potassium chloride were ultrafiltered for 12 to 18 hours 
under one atmosphere air pressure at 3°C. The ratio of the concentration of sodium 
and potassium cations passing through the filter to the concentrations of cations 
in the control solutions was determined by the Pcrkin-Elmer flame photometer 
(model No. 18). 

UUrafiltralion of tissue homogenates. Male white rats weighing ca, 200 gm. 
were killed by ether and the brain (sans cerebellum) and left gastrocnemius muscle 
were quickly removed, weighed w'et and each then mashed for four minutes in the 
Waring blendor in 100 or 200 cc. of cold distilled water. Mashing was carried out 
at 3°C. 

Homogenates of brain and of muscle prepared in this manner were divided into 
three portions. Two of these were ultrafiltered under the same conditions as were 
the control solutions (see above) ; the third portion was stored 12 to 18 hours at 3°C. 
Potassium determinations were made on all three solutions by the flame photometer 
for a comparison between the filtered and non-filtered aliquots. Usually a further 
dilution to 1/300 was necessary for bringing readings into the range of our calibration 
curve of the flame photometer. 

Whereas brain homogenates could be analyzed directly, the estimations of 
potassium concentrations in the non-filtered muscle solution were thought to be 
inaccurate, for muscle homogenates prepared on the Waring blendor characteristi- 
cally contained visible strands of connective tissue. It was suspected that the 
photometer might not bum these strands completely and thus give low readings. 
As a check, one series of muscles was ashed in a muffle furnace at 5So°C. for one hour, 
then taken up in o.iN (potassium and sodium-free) hydrochloric acid and made up 
to 100 cc. volume with distilled water, while a second series of muscles was homo- 
genized as above then boiled under a reflux condenser to prevent concentration of 
solutions, until the strands were broken up. 

Comparisons of potassium concentrations were subsequently made between the 
muscle homogenates prepared by these three methods. 

UUrafiliralion boiled hssue solutions. A less ciunbersome method was devised 
wherein homogenization was not necessary. For determinations of the total amount 
of potassium contained in a tissue, we have found that an intact brain or muscle 
may be boiled under a reflux condenser in 100 or 200 cc. of distilled water for 10 
minutes, then stored for 36 hours at 3°C. (7). At the end of this time ultrafiltrations 
of the liquid surrounding the fragmented tissue were carried out and potassitim con- 
centrations were determined simultaneously in both filtered and non-ffltered aliquots 
of this fluid. 
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Refiltralion of fUraies. As controls of the method the filtrates of several homo- 
genates were aliquoted and passed through a second ultrafilter. Conditions of the 
second filtration were identical \vith those of the first. 

Sodium determinalions. Wherever possible, the sodium concentrations of fil- 
tered and non-filtered aliquots were made concurrently. Sodium determinations 
were made at dilutions of i/ioo. 


RESULTS 

UlirafiUration of control solutions. In all cases where control solutions contain- 
ing known concentrations of sodium and potassium were ultrafidtered, the ratio: 
Concentration of cation in ultrafiltrate/Concentration of cation in reagent solution 
was close to unity. Discrepancies which were reported fell within the 5 per cent 
experimental error which is characteristic of our flame photometer. 

Ultrafiltration of tissue homogenates. A mean value of 3.47 ± 0.09 mg. K/gm. 
wet brain was found in the nonfiltered aliquots of brain homogenates. In the case 
of muscle, three different mean values were derived from non-filtered aliquots pre- 
pared by the three methods described above. The highest of these was 3.87 ± .06 


Table i. Mean values of brain and muscle PoxAssruii content mg/gm. 


1 

BRA IK 

j MUSCLE 

Homogenized 

Homogenized 

Homogenized 

boiled 

Ashed 

1 

A 

B 

C 

D 

Mean values. ! 

3.47 ± .09 

3.56 ± .07 

3.87 ± .06 

3.74 ± .04 

No. of espts 1 

12 

12 

II 

8 


Comparing columns B and C, t — 3.3, P = o.oi; differences significant. 


mg. K/gm. wet muscle derived by boiling muscle homogenates. These values are 
presented in table i. 

Application of Fisher’s /-test shows that there is a statistically significant 
difference between the mean ‘homogenized’ and mean ‘homogenized-boiled’ muscle 
values, P being o.oi. 

For subsequent calculations on the percentage of diffusible potassium occurring 
in muscle, this highest value, 3.87 ± .06 mg. K/gm. wet muscle, was used as a stand- 
ard denominator. 

Analysis of the ultrafiltered aliquots of brain and muscle showed that 75 per 
cent and 72 per cent respectively of the total potassium were diffusible through 
collodion. In the case of brain this fraction was determined by comparing the 
concentration of potassium in the homogenized filtered aliquot to the concentration 
of potassium in the homogenized-boiled, non-filtered aliquot. Table 2 summarizes 
these results. 

A mean value of 3.42 ± .08 mg. K/gm. wet brain and 3.96 .12 mg. K/gm. 

wet muscle were found by analysis of non-filtered boiled tissue solutions. These 
values do not vary significantly from total potassium determinations made on 
tissue homogenates as shown above. Comparisons are made in table 3. 
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. Ultrafiltered aliquots of boiled tissue solutions showed 69 per cent and 70 per 
cent of diffusible potassium in brain and muscle respectively. 

Table 4 presents a comparison between the percentage of non-diffusible potas- 
sium in brain and muscle as determined by the two ultrafdtration methods described. 
Application of Fisher’s /-test shows that there is no statistically significant difference 


Table 2. Mean values, total and NON-DirrusnjLE potassium in brain and muscle 


im 



% N'ON'* 
DirriTsinLE 

total MO. K/CM. 
IIOUOC. liOILTO 1 

MG. i:/CK. 

Homor. & 
ultrafilt. 

Non-diflusible 

! 

.1 

n 


D 

E 

F 

Mean values 

3.47 Az .07 

2.60 


3.87 ± .06 

2. go 

28 rir 2.84 

No. of expts 

12 

14 


II 

15 i 



Table 3. Mean values of br.\in and muscle pot.vssium concentpj^tions as 

DETERMINED BY HOMOGENIZING VS. REFLUX-BOILING MTIOLE TISSUES 



j BRAIK j 

UUSCIX 


Homot;enized 
mg. K/gm. 

Reflux-boiled 
mg. K/gm. 

Homogenizcd-boiled 1 
mg. K/gm. 

Reflux-boiled 
mg. K/gm. 

1 

Means 

A 

3.47 ± .09 

IS 

3.42 dir .oS 

23 

C 

3.87 ± .07 

D 

3.96 db .12 

i ^7 

No. of expts 


Comparing columns A and B, t = 0.42, P = 0.5; not significant. 
Comparing columns C and D, I = 0.763, P — 0.4; not significant. 


Table 4. Mean values, cootarison of ultrafiltered tissue homogenates 
vs. reflux-boiled solutions 



BRAIN 

MUSCLE 

Homogenized % 
non-diffusible K 

Reflux-boiled % 
non-diflusiblc K 

Homogenized % 
non-diflusible K 

Reflux-boiled Vo 
non-diffusible K 

Means 

No. of expts 

A 

25 ± 1.74 

14 

B 

31 rfc 2.84 

18 

C 

28 db 1.56 

IS 

D 

33 ± 2.05 

19 


Comparing columns A and B, t — 1.72, P = o.i, no significant difference. 
Comparing columns C and V,t— 1.94, P = 0.05, no significant difference. 


between the percentages of non-diffusible potassium as determined by these two 
methods in brain or in muscle. 

RefiUralion of filtrates. The refiltration of several filtrates, in a total of six 
experiments, showed that a mean value of 92 per cent of the potassium by concen- 
tration in both brain and muscle would pass through a second ultrafilter. 

Sodium determination. In a total of 14 experiments both sodium and potassium 
concentrations of filtered and non-filtered aliquots were obtained. Within ex- 
perimental error 100 per cent of both brain and muscle sodium were diffusible while 
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in this same series 75 per cent of brain potassium and 78 per cent of muscle potas- 
sium were diffusible. 


DISCUSSION 

The total potassium values of brain and muscle reported in the present paper, 
3.47 ± .09 mg. K/gm. brain and 3.87 ± .06 mg. K/gm. muscle, are in agreement 
with values reported elsewhere in the literature (4), as well as with values obtained 
by a second method herein reported. 

Two methods for determining the percentage of non-diffusible potassium have 
been demonstrated and values of 30 per cent obtained by ultrafiltration of tissue 
homogenates and b}’- the ultrafiltration of solutions in which intact brain and muscle 
had been boiled, show no statistically significant variation from each other; further 
corroboration of this figure of 30 per cent is offered by Folch (3) who reports a 27.2 
per cent bound K fraction in brain. 

As controls on the ultrafiltration method, we have shown that control solutions 
of sodium and potassium chloride can be vacuum ultrafiltered with accurate cation 
concentration determinations; furtlier, the refiltration of filtrates reported, indicates 
that the potassium fraction which we have considered as free, is really diffusible 
through collodion. Repeated filtration of the free fraction consistently yields the 
same results; 92 per cent of the free fraction can be refiltered. The 8 per cent of the 
diffusible potassium fraction which is lost in the refiltration process may be due to 
any of several factors, but elaboration of this phenomenon would require more 
detailed investigation. \^diile the collodion membrane allows passage to only 70 
per cent of the total potassium, 100 per cent of the sodium filters through, thus 
further substantiating the reality of the bound fraction of potassium. 

The nature of the potassium binding is not understood. Presumably potassium 
ions are associated with large thermolabile molecules. Folch (3) has attributed this 
binding rdle in the brain to lipids. 


SUMMARY 

To determine the percentage of diffusible potassium occurring in rat brain and 
muscle, an ultrafiltration process was developed where visking cellulose sausage 
casing served as a semi-permeable membrane. Following satisfactory ultrafiltra- 
tion of control solutions, homogenates of rat brain and muscle were separately ultra- 
filtered. The percentage of diffusible potassium, in the case of brain, was calculated 
by comparing the potassium concentration in the ultrafiltrate to that of the original 
homogenate. In the case of muscle, the potassium concentration of the ultrafiltrate 
was compared to that of tlie original homogenate boiled. Mean values of 3.47 ± .09 
mg. K/gm. brain of which 25 ± 1.74 per cent is non-diffusible and 3.87 ± .06 mg. 
K/gm. muscle of which 28 ± 2.84 per cent is non-diffusible were obtained. Total 
potassium content values of 3.42 db .08 mg. K/gm. brain of which 31 ± 2.84 per 
cent was bound and 3.96 ± .12 mg. K/gm. muscle of which 33 ± 2.05 per cent was 
bound were obtained by the analysis of supernatant liquids in which whole tissues 
had been boiled. 

As controls of the method, first, the refiltration of several filtrates showed that 
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a mean value of 92 per cent by concentration of both brain and muscle potassium 
would pass through a second filter and, second, within experimental error, 100 per 
cent of both brain and muscle sodium were diffusible while in the same series 75 per 
cent of brain and 78 per cent of muscle potassium were diffusible. 

We thank Dr. Hudson Hoagland for his advisory' assistance and Mrs. Pauline Perry for tech* 
■ nical aid. 
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I T IS the purpose of this paper to present evidence of changes in the respiratory 
centers occurring progressively dhring inspiration and expiration. The rhyth- 
micity of natural respiration may be explained by assuming that inspiration 
stops when these progressive changes reach a certain critical level and starts again 
when another critical level is attained . An analysis of such alterations in the centers 
can therefore contribute to an understanding of normal respiratory mechanisms. 

In experiments previously reported, it was found that in natural breathing the 
frequency of discharge over phrenic motoneurones was unaffected by impulses from 
pulmonary stretch receptors until the very end of inspiration; then impulses from 
these receptors caused a very rapid decline in frequency and finally a cessation of the 
motoneurone discharge (5). Since afferent impulses from pulmonary stretch recep- 
tors are known to be discharged at progressively increasing frequency throughout 
inspiration (i), these findings suggest that there may be a sharp threshold for stopping 
inspiration, which the afferent impulses must exceed before a detectable effect is 
produced. Such a sharply-defined threshold for stopping inspiration was indeed 
revealed by Boyd and Maaske (2) by electrical stimulation of the vagus nerves. 

This well-defined threshold for stopping inspiration should be a useful tool for 
exploring changes in the centers during the respiratory cycle, alteration of the 
chemical environment of the center and under other experimental conditions. 
Changes during the respiratory cycle were investigated in the following experiments. 
During the course of the investigation it was found that further information concern- 
ing the changes occurring in the centers could be obtained by combining the study 
of the threshold for stopping inspiration with an analysis of the delay in start of 
inspiration caused by brief volleys of afferent impulses during expiration. 

The results obtained by these two procedures were in general found interpretable 
in terms of current concepts of the organization of the respiratory centers. 


METHODS 

Experiments were performed on cats anesthetized with Dial. 

In order to record impulses discharged by motoneurones supplying the diaphragm, the upper 
root of the phrenic nerve was cut as far distally as possible without opening the thorax. The central 
end of the nerve was freed from the surrounding tissues and placed on recording electrodes connected 
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to a vacuum tube amplifier and cathode ray oscillograph. For most e.vperimcnts the end of the 
nerve was split into several fine strands and a strand was selected for recording in which only one 
fiber became active during each inspiration. 

Respiratory movements were recorded by means of a tambour pressed against the abdomen. 
Electric stimuli were applied to the superior laryngeal nerve. In order to permit precise timing of 
the stimuli, with respect to the phrenic nerve impulses, the stimulator was keyed by the impulses 
themselves through a connection from the output of the amplifier. When a switch in this circuit was 
closed during ejqriration, the first impulse in the next inspiratoiy discharge turned on an electronic 
delay circuit. At the end of the delay, which was adjustable, the stimulator was automatically 
started and delivered a controlled number of stimuli at any desired frequency and intensity. The 
stimuli passed to the nerve through an isolating transformer which served to minimize spread of 
current. After each application of stimuli, a number of inspirations were allowed to occur noVmaily 
before further stimulation, in order to avoid complications due to persisting effects of the tests in the 
respiratory centers. 

The superior laryngeal nerves were chosen for stimulation in tliesc experiments because it was 
known that afferent impulses in these nerves have a strong inhibitor^' action on inspiration. More- 
over, it was hoped that the superior laryngeal ner%‘es might contain fewer kinds of afferent fibers than 
the vagus nerves, which are known to cany afferent impulses from at least four sets of receptors sub- 
serving different respiratory’ reflexes. 

The functions of even the superior laryngeal nerves arc not simple, however, for impulses in their 
afferent fibers can increase as well as decrease the activity of phrenic motoncurones. This is appar- 
ent, for example, in the records reproduced in figure i. Relatively weak stimuli {rccori B) had an 
inhibitory’ action on inspiration, indicated by’ a reduction in the frequency and duration of the moto- 
neurone discharge and by’ a delay of the subsequent inspiration. When the strength of stimulation 
was increased, however, instead of a further decrease in number of impulses, there was an increase 
{record C); impulses were actually discharged for a longer time and at a higher maximum frequency 
than in a normal inspiration. These stronger stimuli thus initiated afferent impulses causing an 
excitatory’ effect on phrenic motoneurones, as well as the inhibitory effect revealed by the delay of the 
next inspiration. 

Observations such as these indicate that the superior laryngeal nerve fibers which excite inspira- 
tion are of a higher threshold than those which inhibit it. Therefore, in order to minimize com- 
plications due to simultaneous exdtor and inhibitor effects, we have in some experiments employed 
the weakest stimuli which gave a sufficient degree of inhibition. This procedure, however, was not 
altogether satisfactory, since with weak stimuli the number of fibers stimulated could vary %vidciy' 
from time to time, due to changes in irritability. Fortunately, it proved possible to obtain relatively’ 
uncomplicated inhibitory effects from stronger stimuli provided the period of application was kept 
short. This is illustrated in figure 2, where 3 stimuli {record B) stopped the inspiratory discharge 
after only 2 impulses. This occurred in spite of the fact that these stimuli were strong enough to 
have not only an inhibitory', but also an excitant action, shown by prolongation of the activity’ when 
more shocks were applied in record C. In many of the experiments to be presented in this paper, 
the inhibitory’ effect was even stronger than in record B of figure 2, for the discharge often stopped after 
the first impulse. To accomplish this, higher frequencies of stimulation than those illustrated in the 
records of figures i and 2 were usually employed. 

RESULTS 

Effects of Afferent Impulses During Inspiration 

Afferent impulses early in inspiration. Figure 3 shows an experiment in which 
various numbers of afferent impulses were sent in over one superior laryngeal nerve 
immediately after the first impulse discharged by a certain phrenic motoneurone. 
As few as 2 volleys of afferent impulses noticeably delayed the discharge of the second 
impulse in this motoneurone {record B). Progressively greater delays were caused 
as the number of afferent volleys was increased to 4 and to 9 {record C and D). After 
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this a remarkable change occurred when only one more was added to the number of 
afferent volleys. For with the change from 9 to 10, the interval between impulses 
was increased more than five-fold (record E). Compared to this large change, 
additional stimulation had but little additional effect (F). 

The results of a number of similar experiments are shown graphically in figure 4, 
where the interN^al between the first and second impulses in a motoneurone discharge 



Fig. I, left. Effect on dischaege of impulses from a motoneurone of the phrenic nerve, caused 
by stimulating one of the superior ]ar3-ngeal nerves at two different intensities. Stimuli (indicated 
by regularly recurring artifacts) were weaker in B than in C. In the control record without stimula- 
tion (/4), the arrows indicate the times at which the next inspiratory discharge started in this and 
in a number of other control observations. Time is marked at the bottom of this and all other re- 
proditcliom of oripital records in tV -second intervals. 

Fig. 2, right. Response of a phrenic motoneurone to 3 stimuli (B) and to many stimuli (C), 
all of the same intensity, applied to one of the superior larjmgeal nerves. 



Fig. 3. Changes in the AcriviTy of a motoneurone of the phrenic nerve, caused by the indi- 
cated numbers of volleys of afferent impulses over one of the superior laryngeal nerves. Vagus 
nerves cut. Normal duration of expiration at the time of these observations was 4.0 sec. The top 
line in these and many subsequent illustrations is a mechanical tracing of respiratory movements, with 
inspiration upward. 


is plotted against the number of stimuli. In this graph the interval is expressed as 
percentage of the normal expiratory pause; this was measured by the average normal 
time between the last impulse in one inspiration and the first impulse in the next. 
There was in almost all experiments a certain number of afferent volleys which, when 
increased by one, resulted in a two- to seven-fold increase in the interval between 
impulses. 
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Thus there was usually a well defined transition, as the number of afferent 
impulses was increased, between a relatively short interruption of the motoneurone 
discharge and a relatively long interruption. It is interesting to attempt an explana- 
tion of this transition in terms of an hypothesis which has been advanced by others 
concerning the functional organization of the medullary respiratory centers (cf. 
4, 7, 8). According to this hypothesis two groups of nerve cells in the medulla 
oblongata are concerned in respiration. One group, constituting the inspiratory 
center, discharges impulses during inspiration to the motoneurones supplying the 
inspiratory muscles. The other group of nerve cells form the expiratory center. 



Fig. 4. Interval between eirst and second impulses in an inspiratory discharge from a 
phrenic motoneurone, as a function of the number of stimuli applied during the interval to one of 
the superior larjmgeal nerves. Duration of interval is expressed as per cent of the normal duration 
of expiration. Observations on 5 different animals, indicated by letters. Solid lines, experiments 
with vagus nerves intact; broke 7 i lines, with these nerves cut. Stimulation at frequencies of 50 to 
loo/sec. The first impulse was discharged by the motoneurone under observation about 0.4 sec. 
after start of inspiration for animal C, earlier in inspiration for all others. 

Each of these two groups is also supposed, when active, to exert an inhibitory effect 
on the other group, with the result that only one group can be active at a time. 

In agreement with this h3^othesis, we may suppose that small numbers of affer- 
ent impulses over a superior laryngeal nerve temporarily reduce but do not completely 
stop the activity of the inspiratory center. This reduction lowers the excitatory 
effect of the center on the phrenic motoneurones and at the same time reduces the 
inhibitory effect on the expiratory center, but not enough to permit the latter center 
to become spontaneously active. With larger numbers of afferent impulses, however, 
we may suppose that the inspiratory center is inhibited to such a degree that the 
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expiratorj' center is released and becomes active. Since this is a situation similar to 
that supposed to occur normally at the start of expiration, it is not surprising that in 
many animals the phrenic motoncurones remained quiet for a time comparable to 
the normal expiratory pause. 

These considerations thus show that our observations are not in disagreement 
with the above hypothesis, which is at present generally thought to account for many 
of the known facts concernmg the respirator}'- centers. Our observations might also 
be explained by other theories; but it does not seem profitable to introduce new lines 
of speculation until more direct methods have been devised for investigating the 
respirator}^ centers. Therefore, we merely wish to indicate here and elsewhere in 
this paper that certain findings arc not in disagreement with the h}'pothesis referred 
to above. 

In addition we wish to recognize another proposal which has often been coupled 
with the foregoing liypothesis, namely, that those afferent impulses which have an 
inhibitor}’^ effect on inspiration do so, not by a direct inhibitor}'- action on the neurones 
of the inspiratory center, but indirectly through an excitatory effect on the neurones 
of the expirator}’^ center. This assumption can also be reconciled with the above 
obser\'ations and with those to be presented later in this paper. Therefore, we will 
reserve for discussion at the end of this paper a consideration of whether the afferent 
impulses establish centrally an inhibitory or an excitator}’- state. Until then we will 
merely assume that the afferent impulses produce some undefined ‘state’ in the 
centers, which if sufficiently intense has the effect of stopping inspiration and starting 
expiration. 

A Ijercnl impulses laicr in inspiralion. Effects similar to those described above 
for stimulation early in inspiration were also obser\'ed in some experiments where the 
afferent volleys were sent in later during inspiration. That is, a few stimuli delayed 
and sometimes slightly prolonged the remainder of the motoneurone discharge. As 
the number of afferent volleys was increased the delay progressively lengthened, until 
a critical number was reached at which all subsequent discharge was eliminated. 
These preparations thus exhibited the same abrupt transition of effect, when the 
number of afferent volleys was increased, as that described for stimulation early in 
inspiration (cf. fig. 8, C and D; also curves C, fig. 4)- 

In other experiments there was also a sharp transition with stimulation late in 
inspiration, but of a rather different sort (fig. 5). As before the principal effect 
observed with small numbers of afferent volleys was a momentary delay in the dis- 
charge of the next impulse (fig. 5 B). As the number of stimuli was increased, 
however, instead of reaching a condition in which all discharge subsequent to the 
stimulation was eliminated, the transition appeared as a dropping of many later 
impulses, but with i to 6 impulses still remaining immediately after the afferent 
volleys (fig. 5 C). The impulses discharged following stimulation are reflected in the 
figure by a ‘bump’ on the descending limb of the mechanical record of respiratory 
movements, indicating that a significant number of motoneurones took part in the 
final burst of activity. This burst of acti-vity could be markedly decreased by 
applying a single additional stimulus, as shown by both the electrical and mechanical 
records in figure 5 D. 

A similar discharge of a few impulses following stimulation was sought in a 
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number of experiments: no such discharge was ever recorded following stimulation in 
the first 0.4 seconds of inspiration (6 experiments); impulses appeared in nearly half 
the observations following stimulation 0,4 to i second after the start of inspiration 
(15 experiments); and the impulses always appeared v/hen the stimulation was 
delayed more than i second (7 experiments). An illustrative example from a single 
experiment appears in figure 6. Thus the tendency for discharge of a few impulses 
following stimulation was found to increase progressively during inspiration. No 
significant alteration was caused in expe'rijments where the vagus nerves were cut, 
except that tests could then be made later after the start of inspiration, since the 
latter was prolonged. 

In one animal a still different manner of stopping inspiration was obsen-ed when 
afferent impulses were sent into the respiratoiy centers near the middle of inspiration. 
Records from this experiment (fig. 7) show that, when increasing numbers of afferent 
vollej’^s were initiated following the 8th impulse from a certain motoneurone, the 
number of subsequent impulses was progressively reduced, from a normal of 9 
{record A), to 6 in R, 4 in C, 2 in D and i in E. A further increase in number of stimuli 
{record F) did not prevent the discharge of this remaining impulse, although elimina- 
tion of the ‘bump’ on the mechanical record (compare records F) indicated that 
the additional volley of afferent impulses had a marked effect on the activity of other 
motoneurones. The progressive shortening of inspiration observed in this animal 
stood in marked contrast to the usual effects, in which inspiration shortened suddenly 
as the number of afferent volleys was increased. 

Threshold for stopping inspiration. In accordance with the observations 
described above, it was possible to define a threshold for stopping inspiration in 
terms of the minimum number of stimuli of given strength and frequency required 
to stop the discharge from phrenic motoneurones. When the discharge could be 
stopped with no impulses appearing after the stimulation (as in figs. 3 and 8), then 
the threshold was defined as the number of stimuli corresponding to the mid-point 
of the steepest portion of curves relating interval to number of stimuli (such as the 
curves in fig. 4). When a few impulses followed the minimum number of stimuli 
which stopped inspiration (as in figs. 5-7), then the mechanical records were examined 
to see whether the impulses discharged after stimulation were sufficient to cause a 
‘bump’ on the descending limb, such as that appearing in figures 5 C and 7 E. WTien 
such an inflection occurred it always vanished when the niunber of stimuli was 
increased by one or two (figs. 5 D and 7 F), even though the particular motoneurone 
under observation sometimes still fired briefly after the stimulation. Under these 
circumstances the threshold for stopping inspiration was assumed to lie midway 
between the minimum number of impulseswhich prevented the ‘biunp’ on the mechan- 
ical record and the maximum number which failed to do so. 

With the threshold for stopping inspiration thus measured by the number of 
afferent volleys, it was possible to determine quantitatively how the threshold varied 
under altered conditions, provided the intensity of stimulation and hence the sizes 
of the afferent volleys were kept constant. 

Changes in threshold during inspiration. More afferent volleys were required to 
stop inspiration at its beginning than when the afferent volleys were initiated later in 
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the cycle. This is illustrated in figure 8. In this experiment, 8 afferent volleys, 
iminediatefy after the first impulse from a certain phrenic motoneurone, caused a 



S, upper left. ExAT.fPLE of an effect on wieenic motoneurone discharge caused by 
stimulation late in inspiration. Following stimulation in C and D a few more impulses were dis- 
charged before activity ceased. Number of afferent volleys over one of the superior laryngeal 
nerves: 4 in B, 5 in C and 6 in D. Time of stimulation indicated by short hormontal line above 
timer. Vagus nerves cut. (Records taken while animal ivas breathing 5% CO2, 95% O2.) 

Fig, 6, lower left. Manner of storping phrenic motoneurone discharge in a t^fpical prepara- 
tion. Minimum numbers of stimuli required to curtail activity were applied to one of the superior 
laryngeal nerves at indicated times after start of inspiration. The first (and only) impulse dis- 
charged appears in left record, but merely tlie end of activity is showm in the others. At the time 
these records were taken inspiration normally lasted more than 3 sec. Short vertical lines above 
time record indicate stimuli. Vagus nerves cut. 

Fig. 7, right. Unusualeffectof AFFERENTiMPUiSESoverasuperiorlaryngealnerve on activity 
of a phrenic motoneurone. Discharge from the motoneurone was progressively shortened as num- 
ber of afferent volleys w'as increased. Numerals indicate numbers of stimuli, which were applied 
at times revealed by artifacts. Vagus nerves cut. 


moderate delay of the second impulse. Increasing the number of stimuli to 9 sufficed 
to stop activity for a time approximating normal expiration. When the afferent 
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volleys were sent in, not at the start of inspiration but about -J- second later, only 7 
volleys rather than 9 were required to stop inspiration. 

The change in threshold for stopping inspiration was demonstrated in another 
way in the experiment shown in figure 9. Here 5 stimuli, at a certain intensity and 
frequency, failed to stop the discharge from a phrenic motoneurone when applied 
early in inspiration {records B and C). When applied slightly later, similar stimuli 
did curtail the activity {records D and E). A similar decrease in threshold for 
stopping inspiration was observed by Boyd and Maaske (2) as stimuli to the vagus 
nerve were moved later in inspiration. 

In several experiments the threshold for stopping inspiration was systematically 
determined at a number of times after the start of inspiration, with the results sum- 
marized graphically in figure 10 A . The progressive decline in threshold was clearly 
demonstrated in all experiments. Moreover, there was a surprising simplicity about 



Fig. 8. Number of afferent voleeys over one of the superior larj’ngeal nerves required to 
stop discharge from a phrenic motoneurone was greater at start of inspiration (records on left) than 
later in the c>'cle (records on right). Numerals indicate number of stimuli, which were all of same 
strength. Vagus nerves cut. 

this decline: in all experiments, within the accuracy of measurement, the threshold for 
stopping inspiration fell linearly during inspiration. 

The several experiments have been further correlated in figure 10 B. In order 
to reduce all observations to a comparable time scale, the time from the start of 
inspiration to the last stimulus was expressed as percentage of the average duration 
of normal inspiration in each series of observations. The threshold nmnber of 
impulses was also expressed in percentage by adjusting the scale of ordinates for each 
experiment so that the straight lines drawn in figure 10 .4 all passed through a 
threshold value of 100 per cent at the start of inspiration. It can be seen that, after 
these adjustments of coordinates, all the points fell near the single straight line drawn 
in figure 10 B. The fairly symmetrical scatter of points on the two sides of the line 
suggests that the deviations may be due to experimental errors of measurement and 
that the linear relationship may actually be followed very precisely. 

The progressive decline in number of afferent impulses required to stop inspira- 
tion is evidence that changes in the respiratory centers, which eventually terminate 
inspiration, develop gradually throughout this phase of respiration. Further signifi- 



November ip4S CYCLIC CHANGES IN THE RESPIRATORY CENTERS 


155 



Fig. 9. When 5 stimuli of suitable strength were applied to one of the superior laryngea 
nerves early in inspiration {B and Q, they failed to stop the discharge from phrenic motoneurones. 
Later in the cycle similar afferent volleys cut inspiration short (Z) and E). Vagus nerves severed 




SECONDS AFTER START OF INSPIRATION PERCENT OF NORMAL DURATION OF INSPIRATION 

Fig. 10. Threshold for stopping inspiratory activity by stimulating one of the superior 
laryngeal nerves at various phases of inspiration. Six series of observations on 5 different animals. 
Frequency of stimulation about 50/sec. in each. In A the number of afferent volleys required to 
stop inspiration is plotted against time from the start of inspiration to final stimulus. All lines 
draivn in this plot are straight. In B all straight lines of A have been made to coincide by suitable 
adjustments of scales of coordinates. See text for further explanation. 

cance and the possible nature of these changes will be considered in the final section 
of this paper. 
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Quite puzzling is the constant rate at which the threshold declines, as indicated 
by the linear relationship shown in figure 10. Such a constant rate of change through- 
out the entire measurable course of a biological process is unusual. Possibly it is a 
result of the combination of several non-linear factors w'hich add together to determine 
the measured change. It is, however, surprising that the several factors should by 
coincidence combine so as to give a linear result in each of several different prepara- 
tions. Therefore, we suggest that this linearity may have a simple explanation and, 
when understood, will reveal an important detail concerning the mechanisms of the 
respiratory centers. 

Effects of Aiferent Impulses During Expiration 

The foregoing experiments offer direct evidence of progressive changes occurring 
in the respiratory centers during inspiration. Evidence of comparable progressive 
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Fig. II, Lengthening of expiratory pause, caused by a few volleys of afferent impulses over 
a superior laryngeal nerve. A is a. control record witbout stimulation, showing end of one phrenic 
motoneurone discharge and start of the next. This record was carefully selected to show an expira- 
tory pause of average duration. Five stimuli at fixed intensity were applied during expiration in B 
and C, during inspiration in D. Timing of stimuli indicated by stimulus artifacts appearing in each 
record at S. Vagus nerves cut. 

changes occurring during expiration was obtained from interpretation of the effects 
next to be described. These effects were observed when afferent impulses were sent 
into the respiratory centers during expiration. 

A few volleys of afferent impulses over a superior laryngeal nerve, during 
expiration, delayed the start of the next inspiration. This is illustrated in figure ii. 
A normal expiratory pause in the absence of stimulation is shown in record A . In 
record B, 5 stimuli were applied to the superior laryngeal nerve during the latter part 
of expiration, with the result that the next inspiration was delayed for 1.7 seconds. 
In record C of figure ii, the stimuli were applied earlier than in B, and the delay of 
inspiration \vas less. Even when the stimuli were further advanced so that they fell 
early in the preceding inspiration {record D), there was still a detectable prolongation 
of the expiratory pause. The progressive decrease in this prolongation of expiration, 
caused by moving the stimuli earlier in the respiratory cycle, is shown more com- 
pletely by the data from two experiments plotted in figure 12. Here, as in so many 



Novemheri94S CYCLIC CHANGES IN THE RESPIRATORY CENTERS 157 

other observations in this paper, no obvious qualitative difference was caused by- 
cutting the vagus ner\^es. 

In interpreting the graphs of figure 12 one may assume, as we have done before, 
that the afferent impulses produce a certain altered ‘state’ within the respiratory 
center, which has the effect of inhibiting inspiratory activity. This state is pro- 
gressively dissipated ■s^dth the passage of time. Accordingly, the delay of the next 
inspiration is a quantitative measure of the residue of this state remaining at the time 
when inspiration would normally start. Moreover, the change in inspiratory delay 
with a given change in timing of the stimuli is an indication of the rate of decline of 



Fig. 12. Increase in duration of expira-hon (ordinates) caused by afferent volleys over a 
superior laryngeal nerve at various times during the respiratory cycle. Abscissae indicate times 
at which stimuli were applied. Lengthening of expiration was calculated by comparison with 
average of many normal expirations. Data from 2 different animals. Number, frequency and 
strength of stimuli were kept constant throughout the observations in each. Vagus nerves cut in A, 
intact in B. The numbers of stimuli were sufficient to stop inspiration when applied at the time of 
each point plotted during inspiration, but did not stop inspiration when initiated earlier. 

the state. It is with this rate of decline that the remainder of this section is 
concerned. 

In order to measure the rate of decline of the state produced by afferent impulses 
the delay of inspiration caused by afferent volleys at the end of expiration was com- 
pared with the smaller delay caused by similar volleys one second earlier. For this 
purpose the delays caused by stimulation at these two times were read from graphs 
such as those in figure 12, the effect of stimulation exactly at the end of expiration 
being determined by extrapolation. The percentage differences between the two 
delays varied considerably from animal to animal. It was discovered, however, that 
the differences were closely correlated with differences between the normal durations 
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of expiration in the several animals (fig. 13, cun'c A). The longer was the normal 
ex-piration, the less was the change in effect due to the one second change in timing 
of the afferent volleys. 

The simplest interpretation of this observation is that the state, established 
centrally by the afferent impulses, declines most slowly in those animals with longest 
expirations. The significance of this finding will be discussed presently. 

An even simpler relationship between the rate of decline of the central state and 
the length of expiration was suggested by comparing the delays of inspiration caused 
by equal numbers of afferent volleys sent in at the start and at the end of expiration. 



Fig. 13, Decrease in delay of inspiration when stimuli to one of the superior laryngeal nerves 
were moved from the end of expiration to the indicated earlier times. Tails drawn on some of the 
points identify experiments in which vagus nerves were cut. 

In a manner similar to the preceding analysis, the percentage reduction in effect was 
calculated when the stimuli were advanced from the end to the start of expiration. 
This gave the very surprising result that the reduction in effect was about the same 
in all animals (fig. 13 curve B). In other words, if a certain number of afferent 
impulses delayed inspiration by a given amount Avhen sent in at the end of expiration, 
then the same number of afferent impulses sent in at the start of expiration always 
produced a delay which was about 55 to 60 per cent shorter. It must be emphasized 
that in advancing the stimuli from the end to the start of expiration, the timing of 
the afferent volleys was in two cases changed by less than one second and in another 
by over four seconds, yet the percentage reduction of effect was about the same in 
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these, as in other animals with intermediate lengths of expiration. The simplest 
interpretation of this last observation is that the central state, produced by the 
afferent impulses, declined by about the same percentage in all animals during a time 
equal to the normal expiratory pause. 

A possible explanation of the relationships just described can be given in terms 
of an h>q3othesis concerning the natural control of respiratory rhythmicity. Let it 
be assumed a) that in natural breathing a certain central state is developed progres- 
sively during inspiration, h) that inspiration stops when this state reaches a certain 
level and c) that inspiration starts again when this state has declined to a lower limit- 
ing level. Accordingly the length of the expiratory pause is determined by the time 
required for this state to fall from one critical level to another. Therefore, the longest 
expirations may be expected in those animals with slowest decline of the proposed 
naturally-occurring central state. 

For simplicity let it further be assumed d) that the naturally-occurring central 
state is identical in nature with the state produced by afferent impulses. Accordingly 
the state produced experimentally by afferent nerve stimulation, like that which 
occurs naturally, should also decline most slowly in those animals with longest 
inspirations. This is in agreement with the findings expressed by curve A of figure 13 . 

To account for the uniform decrease in effect when the afferent impulses are 
moved from the end to the start of expiration (fig. 13, curve B), it is necessary to 
assume further e) that in natural breathing the two critical levels of the proposed 
state, at which inspiratory activity stops and starts, are about the same in all animals, 
or are at least in approximately a constant ratio to one another. Accordingly the 
percentage decline in the state during a time equal to one expiration would be the 
same for all animals. This is in agreement with the findings presented by curve B 
of figure 13. 

Nature of the Central Slate 

Our observations have been found to agree with the concept that respiratory 
rhythmicity is brought about by the progressive development during inspiration of a 
central state, which stops inspiration when a critical level is reached and which sub- 
sides gradually during expiration. The progressive rise during inspiration is in 
agreement with the decrease in threshold for stopping inspiration by afferent impulses 
(fig. 10). The gradual subsidence during expiration is in agreement with the 
differences in effects produced by afferent impulses at different times during expira- 
tion and, particularly, with the relationship between these differences and the dura- 
tion of normal expiration (fig. 13). 

This concept of a waxing and waning central state is not new. It has been 
employed to explain how impulses, from pulmonary receptors and from the pneumo- 
taxic center, influence the respiratory rate by exerting an inhibitory effect which 
increases progressively during inspiration. Certamly, the proposed state can be 
developed by factors other than afferent impulses from the lungs, for we have found 
that no qualitative change is caused by sectioning the vagus nerves. 

Our 'observations not only furnish strong experimental support for this hypoth- 
esis that respiratory rhythmicity results from a fluctuating central state, but also 
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suggest a certain addition to it, namely, that the state declines slowly, even after the 
agent which develops it has ceased to act. This was shown by the long persistence 
of the inhibitory effect of a few volleys of afferent impulses during expiration. There 
is also evidence that the central state persists, at least for a short time, when it is 
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Fig. 14. Reduction or TiiREsnOLD for stopping inspiration, caused by a few conditioning volleys 
of afTerent impulses. Numerals indicate numbers of stimuli. Without conditioning, the threshold 
was between g volleys (B) and 10 (Q. After 8 conditioning volleys (api>earing alone in D), the 
threshold was between 7 (£) and 8 (F). 



Fig, 15. Reduction or threshoi-d for stopping inspiration, follmving conditioning volleys of 
afferent impulses sent in at the start of inspiration. Experiments similar to that of fig. r 4 ( the 
conditioning and testing stimuli being applied to one superior larjmgeal nerve at a frequency' of 
So/sec. Abscissae: time from end of conditioning stimuli to end of testing stimu)!; ordinales: thresh- 
old as percentage of control threshold found at the same time after the start of inspiration in the 
absence of conditioning stimulation. Filled circles, data from 2 animak with vagus nerves cut; 
open circles, another animal with vagus nerves intact. 

produced by impulses sent in during inspiration. This has been revealed by the 
after-effects of impulses too few in number to stop inspiration. It was found that 
such volleys of impulses were followed by a reduction in threshold for stopping 
inspiration ■which lasted for at least several tenths of a second (figs. 14 ^ 
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Similar enduring effect on thresliold was found in one experiment when the con- 
ditioning impulses entered over one superior laryngeal nerve and the testing impulses 
over the other. 

The nature of the proposed central state within the respiratory centers has not 
been determined. One possibility which must be considered is an inhibitory state 
at the inspiratory neurones in the medulla oblongata, which waxes during inspiration 
and wanes during expiration. This suggestion, however, encounters certain diJfficul- 




Kg. i6. Frequency oe discharge from a phrenic motoneurone in a normal inspiration and 
during an inspiration modified bj’’ a few conditioning stimuli applied to a superior laryngeal nerve 
immediately after the first impulse in inspiration. Ordinates of curves are reciprocals of successive 
intervals between motoneurone impulses. A and B, for two preparations represented in fig. 14; A 
with the vagus nerves cut, B with tliese nerves intact. Thresholds for stopping inspiration following 
conditioning stimulation are indicated in percentage of normal threshold, at several times after the 
start of inspiration. 


ties. In the first place one would expect that during natural breathing an increment- 
ing inhibitory state would be reflected in a progressive slowing of the frequency of 
discharge from motoneurones supplying muscles of inspiration. On the contrary, 
it is known that during each inspiration there is a progressive increase in both the 
frequency of discharge from the individual motoneurones and in the number of 
motoneurones in action (3, 4). Therefore, it is suggested that the relevant fluctuat- 
ing stafe be sought elsewhere than at the central inspiratory cells. 
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In agreement with this conclusion is evidence that the central state produced by 
stimulating an afferent nerve, which seems so closely related to the naturally fluctuat- 
ing state, is also not associated with the inspiratory neurones in, the medulla. 
Experiments already presented indicate that during inspiration the state produced 
by afferent impulses persists for several tenths of a second (figs. 14 and 1 5). Yet there 
was no corresponding persistent change in the frequency of discharge from a phrenic 
motoneuronc. This is shown by the frequency analyses reproduced in figure 16. 
It is true that the frequency was slightly lower at the time of the tests after condition- 
ing than it w^as at the same time without conditioning. But the frequency curves 
are approximately parallel at the time of the threshold tests: they do not ap- 
proach each other as the threshold for stoj^ping inspiration approaches normal. 
This lack of persisting effect on motoneuronc discharge suggests a similar lack of 
persisting effect on the activity of cells of the inspiratory center, for Pitts (6), by 
stimulating the center while recording from a motoneuronc, has revealed a close 
relationship between the activity of these two sets of cells. Consequently, it is 
unlikely that the persisting state produced by afferent impulses involves the inspira- 
tor}' cells of the respiratory center. 

Another possibility is that the naturally fluctuating central state, and the 
central state produced experimentally by afferent impulses, occur as excitatory 
changes at the expirator}' cells of the medulla. Such an excitatory state could 
indirectly exert an inhibitory influence on the inspiratory cells, since the work of 
other investigators has already suggested the existence of appropriate neuronal 
connections within the medulla oblongata. This h}’pothesis concerning the central 
state does not encounter the difficulties found by assuming that the state affects the 
inspiratory cells directly, since a subthreshold excitatory state could develop at the 
expiratory neurones without influencing the activity of inspiratory cells. The sub- 
threshold state could, how'cver, facilitate the excitation of e.xpiratory neurones by 
afferent impulses and thus account for the observed reductions in the threshold for 
stopping inspiration. 

Finally it should be recognized that there are undoubtedly other possible loca- 
tions for the fluctuating central state than those which have been discussed. Our 
experiments indicate that the state is not at the inspiratory neurones in the medulla. 
Ob'riously, further investigation is required to define as ■well as to locate this central 
state, which we have been forced to assume in order to account for the observations 
presented in this paper. 


SUMMARY 

1. Progressive changes in the respiratory centers, occurring during inspiration 
and during expiration, were revealed by quantitative variations in the effects of 
afferent impulses sent into the centers at various times during the respiratory cycle. 
The afferent impulses were initiated by electrical stimulation of the superior laryngeal 
nerves of anesthetized cats and the effects observed by recording the discharge of 
impulses from single phrenic motoneurones. 

2. One or two volleys of afferent impulses, initiated immediately after the first 
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impulse discharged by a motoneurone at the start of inspiration, slightly delayed the 
discharge of the second impulse. As the number of afferent volleys was increased, 
the delay of tlie second impulse became progressively longer until a critical number 
of volleys was reached, at which the delay of the second impulse abruptly increased 
man3’--fold. This larger delay was usually similar in duration to the normal expira- 
tory pause. When the afferent impulses were initiated later in inspiration, a suffi- 
cient number of volleys sometimes abruptly stopped the motoneurone activity, some- 
times a few motor impulses were discharged following tire afferent nerve stimulation 
before inspiration was brought to a premature close. The threshold number of af- 
ferent volley's required to stop inspiration declined progressively throughout the in- 
spiratory phase of respiration. Threshold was found to be a linear function of time 
in each of the six preparations studied. 

3. A few volleys of afferent impulses during expiration delayed the start of the 
next inspiration. Following a given number, frequency and intensity of stimuli,, 
the delay of inspiration was less the earlier in expiration the afferent impulses were 
initiated. The delay was reduced more by a one-second advance in timing of the 
stimuli in animals with short expiratory pauses than in animals with longer pauses. 
On the other hand the delay of inspiration was about equally reduced by advancing 
the stimuli from the end to the start of expiration, in all preparations, regardless of 
the duration of expiration. 

4. These findings can be explained by assuming that the respiratory center is 
influenced by an as-yet-undefined state somewhere within it, which is developed 
progressively during natural inspiration and subsides gradually during expiration. 
Activity of inspiratory neurones in the center is assumed to stop when this state 
attains a certain level and to resume when another, lower, level is reached. The 
effects of afferent impulses initiated by electrical stimulation may then be explained 
by assuming that these impulses cause additions to the naturally-occurring central 
state. Thus the progressive decline in threshold for stopping inspiration may be 
due to the gradual development of the proposed state during inspiration, so that a 
smaller contribution is required from the experimentally-initiated impulses in order 
to terminate inspiration. 

The delay in start of inspiration, caused by afferent impulses during expiration, 
is explained by assuming a persistence of the central state developed by these im- 
pulses. Other evidence of such persistence was obtained by the finding of summa- 
tion between the effects of two appropriately-spaced groups of afferent volleys. 
The relationships between the natural length of the expiratoiy pause and the rate 
of decline of the central state can also be explained. 

5 . It is possible that contributions to the naturally-occurring central state may 
normally be caused by afferent impulses from the lungs by way of the vagus nerves, 
but the state can also be developed by other factors, since no qualitative differences 
were found after sectioning the vagus nerves. During persistence of the central 
state developed by afferent impulses there was no corresponding reduction in fre- 
quency of discharge from phrenic motoneurones. This suggests that the central 
state is not an inhibitory state associated with the inspiratory cells in the respiratory 
centers. A possible explanation of the observed phenomena may, however, be 
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made hy assuming that an excitatory state is developed at the central expiratory 
neurones. 
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SUDDEN VASOCONSTRICTION IN DENERVATED OR 
SYMPATHECTOMIZED PAWS EXPOSED TO COLD 

JOHN F. PERKINS, JR.,^ MAO-CHIH LI,^ F. HOFFMAN^’ and E. HOFFMANN 
From the Department of Physiology, Harvard University Medical School 

BOSTON, MASSACHUSETTS 

W HEN an animal is placed in a cold room the skin of the extremities becomes 
cool owing to reflex vasoconstriction of the arteriovenous anastomoses (i). 
A sympathectomized or denervated extremity tends to remain wann 
because the vasoconstrictor pathways have been interrupted. This initially maximal 
vasodilatation does not, however, persist indefinitely. Starting a few hours after 
their nerves are severed, the blood vessels begin gradually to regain their ‘tone’ (2) 
and after a few days may constrict in cool surroundings (3). Such vasoconstriction 
after total denervation or sympathectomy has been described in man (4, 5), in 
monkeys (6) and in rabbits (3), but there is incomplete agreement with respect to 
the responsible mechanism (3-7). 

It was noted by us (8) during the course of otlier studies in which a dog was 
placed in a room at io°C., that the skin temperature of a sympathectomized paw, 
after remaining elevated for somewhat over an hour, suddenly fell sharply, and 
continued to decline until reaching essentially the same temperature as the opposite, 
normally innervated paw in which vasoconstriction was known to be nearly maximal. 
To our knowledge, an abrupt vasoconstriction occurring in sympathectomized or 
denervated extremities exposed to cold has not been reported previously, though a 
somewhat similar effect has recently been observed by Ungley (9) in cases of ‘trench 
foot’ of man, a condition in which degeneration of nerves occurs. 

The present paper reports studies on the effects of prolonged cold on skin 
temperatures of sympathectomized or denervated vessels in the paws of cats and dogs. 
Sudden vasoconstriction appeared when the extremity was cooled below a certain 
‘critical temperature’ and was complete enough to reduce blood flow to approximately 
one-tenth its former value. Reasons are given for attributing this reaction to the 
development of sensitivity to cold on the part of vascular smooth muscle after 
sympathectomy and total denervation. 

METHODS 

Observations were made a) repeatedly on one unanesthetized, trained dog (Series I), V) on 7 
lightly anesthetized cats while the whole body and the paws were exposed to cold (Series 11 ) and c) 
on 9 lightly anesthetized cats while the body was kept warm and the paws only were exposed locally 
to cold (Series III). 

In those animals, as indicated in the tables, in which sympathectomy was performed, the lum- 
bar sympathetic chain with its ganglia was removed from the level of the renal artery to the bifurca- 
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tion of the aorta, thereby providing an essentially preganglionic sympathectomy of the lower hind 
limb. In another group of animals the sciatic nerve was sectioned close to its point of emergence 
from the sciatic notch and proximal to all branche.s of the nerve. In a third group of animals, more 
extensive procedures aimed at total denervation of the leg were carried out as described below. 

At periods ranging from o to 130 days after operation the effect on skin temperature of pro- 
longed exposure to a cold environment was tested. The trained anesthetized dog was supported 
by slings in a wheeled Pavlov stand. Anesthetized cats, given 22.0 to 32.5 mg, of pentobarbital 
(Nembutal, veterinary) intraperitoneally, a dose which did not abolish shivering or reflex vasocon- 
striction, rested with their ventral surface on a wooden stand so that the paws hung freely in the air. 

Skin temperatures were measured on the dorsal surfaces of the paws at the base of the digits 
by iron-constantan thermal junctions applied under loose adhesive tape or by collodion and a wisp of 
cotton. The reference junctions were immersed in oil in a thermos flask, or in boiling ether with a 
reflux condenser, each thermocouple circuit being led independently to a galvanometer through a 
selector switch so that readings could be made rapidly in rotation, free of complicating skin poten- 
tials. Repeated calibrations indicated that the measurements were accurate to within ±0.5 degrees 
C. Rectal temperature was determined by a mercurj' thermometer left continuously in place or by 
means of a thermocouple. 

Each experiment was started with maximal dilatation of the cutaneous vessels of the paws 
by placing the animahin a thermorcgulated room at so^C. zizo.^^C. In some instances one or two 
electrical heating pads were placed around the body to hasten the abolition of vasoconstrictor tone. 
When vasodilatation was complete, as indicated by skin temperatures consistently between 34 and 
36 .s'’C., the animals were taken into another thermorcgulated room set at the desired temperature 
between 25“ and o°C d=i.o‘’C. Skin temperatures were measured at intervals of five minutes or less. 

For localized cooling of the paws alone and to provide more rapid changes in the temperature 
of the air surrounding the paws, a 30 x 20 X 12 inch box was lined with copper pipes connected to a 
source of brine at — i3°C. .A fan circulated air at low velocity through the narrow space between 
an inner sheet metal lining, on tlirce sides of the box, and the brine pipes on the walls of the box. 
The desired constant temperature was obtained by means of a thermostatically controlled electric 
heater used in conjunction with manual regulation of the flow of brine. The cat was supported above 
the box by a sling, its paws projecting into the box through holes in a felt diaphragm in the cover. 
The box was located in one of the thermorcgulated rooms so that the animal’s body could be sur- 
rounded by air at any desired temperature, whereas tlie paws, or the entire legs if desired, could be 
surrounded by air at any other temperature. In most cases, the room was kept at 3o‘’C. and the 
box, initially at 3o°C., was gradually cooled by steps to temperatures sometimes as low as — 5°C. 
Skin, rectal and box temperatures were measured thcrmoelcctrically. 

■ Changes of skin temperature were translated into approximate changes of blood flow by means 
of Burton’s 'Thermal Conductivity Index,’ (‘TCI’) = (T skin — T air)/(r rectum — T skin) (in 
which ratio ‘T’ stands for temperature). The declining portions of the skin temperature curves were 
also plotted semi-logarithmically to determine the abruptness and degree of constriction by a) the 
straightness of the line and b) the thermal time constant ‘k’ as will be described more fully below. 

I. General Characterislics of (he Sudden Vasoconslriclion 

Figure i, {upper') shows in the unanesthetized dog the usually described response 
observed during cooling after lumbar sympathectomy. In the warm room kept at 
3o°C., skin temperatures were 34°C. or more. IITien the dog was exposed to air at 
iS°C., the skin temperature of the normal extremities approached environmental 
temperature as vasoconstriction developed, but the temperature of the sympathec- 
tomized extremity remained relatively constant at 26 to 27°C, When the dog was 
exposed to a temperature of io°C., (fig. i, lower) the s3nnpathectomized extremity 
remained relatively warm at first, but when its temperature reached 24°C., it began, 
as a result of sudden vasoconstriction, to cool abruptly, producing a distinct ‘angle 
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in the plotted temperature cm^^e. Thereafter, the temperature of the” sympatliec- 
tomized paw declined along a curve similar in shape and time relations to the skin 
temperature cur\'-e of the vasoconstricted, normally innervated opposite paw. 

In these and other similar experiments, throughout a considerable period prior to 
the sudden vasoconstriction, there was often a gradual decline in the skin temperature 
of the sympathectomized paw, indicating gradual vasoconstriction. In addition, 
fluctuations in the skin temperature of one to two degrees often appeared just before 


SAME DOG 



to 0 20 40 IHR 20 40 2HR 20 40 3 HR 20 40 

Fig. I. Temperature charts, in °C., from two experiments performed on different days on an 
unanesthetized ^og in a cold room. Skin temperatures in these and subsequent experiments were 
determined on dorsal aspect of paws. Upper chart. With room at 15 C. vasodilatation persisted. 
Lower chart. With room at io°C. sudden vasoconstriction, indicated by a sudden fall in skin tempera- 
ture, occurred in the sympathectomized paw. 

or after the sudden vasoconstriction. However, once the temperature of the sym- 
pathectomized paw had abruptly declined more than two or three degrees, in most 
experiments it did not rise again to its previous level, but continued to fall. 

Following the sudden vasoconstriction and after the temperature of the paw had 
leveled off at just above environmental temperature, sudden vasodilatation, indicated 
by a sudden rise in skin temperature, was observed in three experiments (two on 
animal 30, table 3) during gradual wanning of the air surrounding the paw (fig. 4). 
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n. Evidence for a ‘Critical Temperature' at Which Sudden Vasoconstriction Occurred 

The three experiments charted in figures i and 2 provide data indicating that 
the sudden vasoconstriction did not occur until the skin of the sympathectomized 
paw was cooled to a certain 'critical’ temperature. Thus, with the room at i5°C., 
(fig. I, upper) the gradient of temperature between the body (rectal temperature) 
and the room was such as to cool the vasodilated paw to somewhat above 26'’C., but 
the temperature of the paw never fell below that value and the skin of the paw re- 
mained vasodilated. However, with the room at io°C., (fig. 1, lower) the correspond- 
ingly greater cooling gradient sufficed to lower the skin temperature of the vaso- 
dilated paw to approximately 24°C., at which temperature sudden vasoconstriction 
occurred. 

Further evidence for the existence of a critical temperature for vasoconstriction 
is provided by the experiment charted in figure 2, performed after both lumbar 
sympathetic chains had been removed from the dog. Sudden vasoconstriction 
occurred in the right hind paw after three hours in the cold room, but vasodilatation 


DOG "CT- BOTH UUMQAn SYMPATHETIC CHAINS RE MOVED 

35 ^RECT?' ' 35 



Fig. 2. Following removal of dotii lumbar sympathetic chains, sudden v.asoconstriction 
occurred in right hind paw after three hours in the cold room, but did not occur in left hind paw until 
it was cooled for a brief period by an electric fan. 

was still present in the left hind paw, apparently less ‘sensitive’ to cold, even after 
five hours in the cold room. At this point, the left hind patv and leg were cooled for 
15 minutes by means of an electric fan, following which sudden vasoconstriction 
occurred. 

That it was the skin temperature of the operated paw, rather than the room or 
rectal temperature, which determined whether or not sudden vasoconstriction 
occurred is indicated by reference to the columns entitled ‘Temperatures at Time of 
Sudden Vasoconstriction’, in tables i, 2 and 3. These temperatures were taken in 
each experiment at the time of the ‘angle’ in the skin temperature graph. It will be 
noted that the absolute values of room, box or rectal temperatures bear no consistent 
relation to the sudden vasoconstriction except insofar as they together constitute a 
gradient of temperature capable of cooling the operated paw. In the experiments 
included in the tables, this gradient was adjusted so as to cool the paw gradually to 
its critical temperature. Such experiments were characterized by the usual vaso- 
dilatation of sympathectomy or denervation, which persisted, as indicated by an 
elevated though very gradually declining portion of the skin temperature graph, 
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until the sudden vasoconstriction occurred. In those experiments, not included in 
the tables, performed at low temperatures, e.g. to 5°C., the graph of skin tem- 
perature for the operated paw closely resembled the graphs for the normal paws. 
Thus, vasoconstriction occurred, promptly in the operated as weU as in the normal 
paws, apparently because the operated paw was cooled below its critical temperature 
very soon after the animal entered the cold room. In most experiments the time of 
onset of shivering was noted and the intensity was graded on an arbitrary scale of 
o to 5. There was found to be no correlation between the time of onset or severity 
of shivering and the time of sudden vasoconstriction. 


Table i. series i. xjnanesthetized dog — cold room 


ANIHAL KO.' 

OfERATIVi: PRO- 
CEDtmE 

DAYS 

POST- 

OP. 

TEitp. AT TIME OP SUDDEN 
VASOCONS., ®C. 

THERMAL 

CONDUCTIVITY 

INDEX 

straight- 
ness OF 
SEMI-LOG 
PLOT 

TIME 

CONSTANT 
k, MIN. 

Room 

Rectal 

Skin, paw 

Before 

vaso* 

cons. 

After 

vaso- 

cons. 

Nor- 

mal 

paw 

Op. 

p3U' 

i 

Dog O' 

Removal 1 . 

lumbar symp. 
chain 

12 

1 

39 - 6 ° 

23 - 8 “ 

0.89 

0.12 

I — [ — 1 — f- 

SO 

48 

. . 

<( 

1 

Removal rt. 
lumbar symp. 
chain 9 mos. 

■ later 

10 

10® 

37 - 9 ° 

L. 20-26° 

R. 21-23° 

1.4 

0.9 

0. 12 

0.12 

"1 — h 
++ 

46 

33 

36 

it 

Same 

12 

15° 

37 - 8 '’ 

L. 

R. ?(fan used) 

1.7 

1.65 

0. 10 

++++ 

48 

45 

.ic ! 

i 
i 

I 

Same 

24 

10” 

38.0° 

L. ?(fan used) 

R. 22.4-23.2° 

0.80 

0.87 

0.08 

++ 

++++ 

41 

42 

32 

• 

•: 

Same 

130 

5-3° 

37 - 4 ° 

L. 20° 

R. 20-22° 

1. 10 

1.40 

0,02 

+++ 

44 


AveraECs... 

22.1° 

1. 19 

0.12 


45-8 

39-3 


Certain exceptions to the sudden vasoconstriction should be noted. First, the 
skin temperature did not always fail abruptly enough to produce a distinct ‘angle’, 
but in roughly one quarter of the experiments fell with increasing rapidity over a few 
degrees (indicated by a range of temperatures in the tables). Second, in six experi- 
ments (not included in the tables) there was a continuously gradual decline in skin 
temperature, rather than a sudden fall. This latter was found to be attributable in 
all but two of these experiments to the t3q)e of operation performed, or to the interval 
after operation, as described below. 

Til. Degree of Vasoconstriction and Relative Decrease in Blood Flow 

i) Burton's Thermal Conductivity Index. Burton’s (10) ‘Thermal Conductivity 
Index’ (‘TCI’) consists of the following ratio: {T skin ~ T air)/(J' rectum — T skin) 































PERKINS, LT, HOFFMAN AND HOFFMANN 


Volume 155 


170 

which provides an approximate measure of peripheral blood flow provided the skin 
temperature has reached a steady state, having leveled off under conditions of rela- 
tively constant blood flow, rectal and air temperatures. As indicated in the tables, 
TCI of the operated paw was calculated for each experiment at the 'angle’ in the skin 
temperature graph (before vasoconstriction) and again after the skin temperature 
had leveled off at its lowest value (after vasoconstriction). Comparison of averages 


TABCE 2. SlCniES II, CATS riGHTLY ANESTHETIZED WITH NEMBUTAI, — COLD ROOIt 


AKUIAL 

OPERATIVE PROCEDURE 

DAYB 

POST- 

TEMP. AT TIME OP SUDDEK 
VASOCONS., *C. 

TIIERUAL 

1 COS'DUCTIVTTY 

1 IKDEX 

I 

tnrRAicnr- 

or 

TIME 

COJ.'STAN'T 

k, wn;. 

KO. 

OP, 

Roam 

Rec- 

tal 

Skin, pavf 

Before 

vaso- 

After 

vaso- 

SEMI-LOG 

PLOT 

Nor- 

mal 

Op. 





cons. 

cons. 


paw 

pa, . 

3 

SccUon sciatic 

0.2 

m 

Paw 

cooled to 2 J® U' 

'tllOIlt 

'asocons 

Irktion 





2 


33 ° 

?26® (fan used) 

2.5 



23 




5 

17” 

39.8® 

29.6® 

I.I 

0-05 

-{ — j — 


24 



7 

18° 

37.4° 

28® 

I.O 


+4- + 

21 

22 

15 

Section sciatic 

2 

4 - 2 ° 

30.4° 

19 ° 

1,2 



22 

28 



4 

5 ° 

38® 

29.1 

2.7 







6 

13 *’ 

37.8® 

27° 








9 

20-18® 

37 - 8 ® 

30.7° 

1-3 

0.22 

++4- 


19 

17 

Bilat. lumbar 

7 

11 ® 

32.8® 

L. 23 


O.IO 

++++ 

19 

19 


sympathec- 
tomy & dc- 
nerv, adrenals 




R. 22 

H 

O.IO 

+++ 

20 

25 

I? 

ft 

38 

j6® 

3 i-S° 

L. 22-23 


O.II 

+-!-++ 

22 

23 






R. 23 


0.16 

-f-k 

22 


9 

Section sciatic 

4 

21° 

39° 

29.7° 

0.96 

0.07 

-1 — f- 




Adrenalectomy 

0 








■ 

21 

Total denerv. leg 

3 

17 ° 

37-7° 

26-27 

1,1 

0.16 

++++ 

1 

17 


Adrenalectomy 

0 







■ 


18 

Total denerv. leg 

S 

14 ° 

32.2 

25-27 

2.0 

0.12 

-k++ 

16 

32 

20 

Total denerv. leg 

3 

16 ® 

39° 

22-26 

0.77 

0.05 

+++ 

23 

24 

Avp-ratres 

1-38 

O.II 


20-9 

24-7 










— 


of these two values indicates that the blood flow decreased by a factor of 9.9 in the 
dog and 10,5 in the cats (fig, 3, lower). 

2) Semi-logarilhmic plots of declining portions of skin tcmperaliire curves, a) 
Straightness of plotted curve. When the declining portions of skin temperature curves 
such as those in figures i and 2 were plotted semi-logarithmicaUy, the resulting curves 
were found in most cases to be straight lines, which indicates that the original skin 
temperature graph was an exponential curve of the form {T — To) — e — ifk where 
T = skin temperature, To = minimal skin temp,, t = time, and k is the ‘time con- 


























































Table 3. series in. cats lightly anesthetized with nembutal — ^paws in cold box 


ANI- 

MAL 

OPERATIVE PROCEDURE 

DAYS 

POST- 

TEMP. AT TIME OF SUDDEN 
VASOCONS., °C. 

THERMAL 

CONDUCTIVITY 

INDEX 

STRAIGHT- 
NESS OF 

TIME 

CONSTANT 
k, MIN. 

NO. 


OP. 

Room 

Rec- 

Skin, paw 

Before 

After 

SEMI-LOG 

PLOT 

Nor- 

mal 

paw 

Op. 

paw 




Box 

tal 

V abO- 

cons. 

cons. 


17 

Bilat. lumbar sympa- 
thect. and denerv. 
adrenals 

52 


0 

00 

ro 

L. 26-29° 

1.2 

0. 12 

++ 

71 

17 



D 

R. 29-31° 

2.3 

0.25 


17 


24 

L. lumbar sympa- 
thect., r. adrenal 
denerv., 1. removed 

14 

D 


30.4° 


0.27 

-| — 

26 

20 



. 17° 

3 ° 

rose at 20.4° 

1-5 

27 

L. lumbar sympa- 
thect., r. adrenal 
denerv., 1. removed 

B 

m 

38. 

28-29° 

1.65 

0.03 

— [_ 

24 

20 


1 

15° 

23 

Leg denervated 

7 

32° 

41.5° 

22.3-24° 


0. 16 

d — 1* + 

1 

16 


Adrenalectomy 

0 

0° 

1 .4 

B 

28 

Total denervation leg, 
including section of 
skin of thigh 

6 

31° 

36° 

27.8° 


0.13 

+++ 

16 

17 



15 ° 

2 . 1 

30 

Leg denervated 

B 

B 

39 - 2 ° 

26.2° 


0.19 

d — 1 — 1 — h 

16 

17 


Leg amputated, ex- 
cept art. & vein 

1 

1 

rose 22.6-24.6° 

I * 2 

25 

Section sciatic* 

14 

30° 

41 - 5 ° 

23-26° 

B 

0.08 







0 - 5 ° 




25 

ti 

B 

30-5° 

34 ° 

26° 


0. 18 

+++ 

20 

18 



B 

14° 


25 

(( 

21 

30° 

1 

23 - 5 ° 


0.16 

d — ! — f" 

23 

15 




11° 

I . I 

24 

Complete section of 
brachial plexus 

14 

23° 

37 ° 

28-29° 


0.4 

im 

m 




1° 

rose at 19° 

3-1 


■ 


26 

Section sciatic 

3 

32° 

1 

20 

0.93 

0.27 

++ 

■ 

21 




1° 

1 

22 


4 

32° 


25-27° 


0.32 

+++ 

■ 

17 




2° 

37 


■ 

Avprfl<Tpc 



■■■ 

20 

17.8 









1 The sciatic nerve was sectioned following evidence for regrowth of the one lumbar sympathetic 
chain which had been removed previously. 
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slant’ oi the curv’c. Figure 3, upper right, shows one of these plots from an experiment 
on a cat with a denervated leg. As indicated in the tables, the straightness of each 
curve was graded on an arbitrarj'' scale of o to 4 plus. 

Newton’s ‘Empirical Law of Cooling’ predicts that the temperature of a given 
w'arm body with constant thermal conductivity will decline along a curve having an 
exponential equation of this tyj)e. Conversely, if a declining temperature cuia^e is 
found to have an equation of this t>qie, the thermal conductivity of the corresponding 
warm body must be constant. In the ]iaw this indicates that the blood flow was 


-CAT Ma2l.-l_H!WD LEO OEJItnVATEO 3 DAYS PREViOOSLY 



20 40 IHR 20 40 2HR 20 40 3HR 20 40 4HR 



AV. OOG'O' CATS 


r FACTOR OF CHANGE IN 

T.C.I. 1.19 1.57 • 


(AS JUDGED BY tC.!.) 


A 

. 

P, 

AV. 

DOG '0' CATS 


T.C.I. 

0.120 0.15 


D0G'0'= 9.9 I5EXPTS.) 
CATS = lOS {25 EXPTS.) 


cc I 

Fig. 3. V pper le^t shows sudden vasoconstriction after adrenalectomy] also illustrates method of 
determining, by direct measurement on the cun’e, the time constant 'k’ (an indirect measure of rela- 
tive blood flow) of an exponentially declining, or rising skin temperature curve. Thermal Conduc- 
ti\dty Indices were calculated at points shown. Upper right illustrates straightness of semi-log plot 
of declining skin temperature curve, and more accurate method of determining k from slope of semwog 
plot. Lower summarizes results of analyses of skin temperature data from 5 experiments <m a dog, 
and 25 experiments on cats. Coincident with the ‘angle’ in a skin temperature graph, as in the 
left of this figure, there was, as a result of sudden vasoconstriction, a sudden decrease in relative blood 


flow, to an average value of approximately ^5 the previous value. 


constant throughout the declining portion of the curve, because the thermal conduc- 
tivity of the paw is made up of o) the thermal conductivity of the dead tissues 
(constant) plus b) the blood flow. 

Therefore, the decrease in blood flow, which fell to approximately one tenth of its 
previous value, as measured by the thermal conductivity index, occurred suddenly 
at the time of the ‘angle’ in the skin temperature graph, and no further decrease 
occurred thereafter. These facts are summarised diagrammatically in figure 3, 
lower. 

b) Thermal time constant ‘k\ The reciprocal of the slope of the semi-logarithmic 
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plot gives the thermal time constant, ‘A’ in minutes, which may also be determined, 
though less accurately, by measuring on the original skin temperature graph the time 
required for the curve (if on inspection it appears to be an exponential) to decline to 
36.8 per cent of its original height, or to rise to 63.2 per cent of its final height, as 
shown in figure 3, upper left. From mathematical considerations. Burton (ii) has 
show'n that tliere should be a linear relation between i/k and the Thermal Conduc- 
tivity Index. Thus, in a given paw k, as well as TCI, provides an approximate meas- 
ure of relative blood flow, a short h corresponding to a rapid flow. 

As shown in the tables, the values of k for the operated paws are of the same 
order of magnitude as for the normal paws, which indicates that vasoconstriction as a 
result of cold reduces the blood flow in the operated paw by approximately the same 
amount as reflex vasoconstriction does in the normal. That the blood flow was 
extremely small in either case is shown by the fact that when animals were killed 
while their paws were vasodilated, the values of the resulting ;^’s were not significantly 
greater than for the vasoconstricted paws of living animals. 

IV. Rise in Critical Temperature with Increasing Intervals after Denervation 

Reference to table i indicates the relative constancy of the critical temperature 
for the sympathectomized paw or paws of the dog, the individual values varying by 
no more than.±2°C. from the average value of 22.i°C. in all but one out of six values, 
during a period of from 10 to 130 days after lumbar sympathectomy. In view of the 
progressive ‘regain of tone’ known to occur in blood vessels during tlie first few hours 
or days after they have been deprived of their S5rmpathetic innervation, it was decided 
to determine whetlier there was a day-by-day rise in the value of the critical temper- 
ature, indicating increasing ‘sensitivity’ to cold during the period immediately after 
operation. 

Though they were attempted earlier, successful experiments" on a dog less than 7 
to 10 days after lumbar sympathectomy were found to be impossible owing to the 
period required for convalescence. It was therefore decided to section the sciatic 
nerve, containing the post-ganglionic sympathetic ner\’^es to the paw, an operation so 
trivial as to require no period of convalescence. As shown in table 2, a series of ex- 
periments was performed on each of 2 cats (no. j and if) at varying intervals after 
sectioning the nerve. The results indicate that there was a definite tendency for the 
critical temperature to rise during the first few days after this operation. Thus, 
five hours after cutting the sciatic nerve in animal 3, there was no sudden vaso- 
constriction, the paw remaining vasodilated even though it was cooled to 23°C., by 
reducing the temperature of the room to s‘’C. However, two days after operation, 
sudden vasoconstriction occurred when the skin was slightly below 26°C., the exact 
value being obscured by the brief use of a fan to cool the paw. In two experiments 
performed on. the same animal on the fifth day, and in another experiment on the 
seventh day after operation, the critical temperature ranged between 28° and 29.6°C , 
with no further rise occurring after the fifth day. Very similar results were obtained 
in the experiments on animal 15, no further rise in critical temperature occurring 
later than the fourth day after operation. 

When skin temperature studies were made on animals at intervals greater than 
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two or three weeks after sectioning the sciatic, or all nerves to the leg, there was 
found to be a decreasing tendency for the corresponding paw to remain vasodilated 
and warm. This is in keeping with the observations of Goltz in 1874 and of others 
(4, 5). Tlius, when the animal entered a room which was only moderately cold, the 
skin of the operated paw often declined in temperature as soon as the normally 
innervated paws, or its temperature ‘floated’, gradually shifting up and down at 
levels somewhat above those of tlic normally innervated paws. This behavior of the 
denervated paw is in contrast to the vasodilatation which persisted at moderately 
low room temperatures, i.e. not cold enough to cool the paw below its ‘critical temper- 
ature’, for weeks or months after (preganglionic) lumbar sjonpathectoray in the dog 
we have studied and in the one similarly operated cat followed for a prolonged period, 

V. Exclusion of Certain Possible Causes of the Sudden Vasoconstriction 

a) Adrenal medulla. That epinephrine may contribute to the vasoconstriction 
which occurs in blood vessels following severance of tlic sympathetic nerve fibers, with 
resulting sensitization to the hormone, has been emphasized by Smitliwick (12) and 
others. Moreover, Elliott (13) and Ascroft (6) have suggested that cold potentiates 
the action of epinephrine, inasmuch as a given dose of epinephrine will produce a 
greater drop in skin temperature in a cool extremity than in the same extremity 
tested while warm. For these reasons it was of primary importance to determine 
whether sudden vasoconstriction might occur following dcncr\'ation or removal of 
the adrenal glands. 

In five experiments, both adrenals were denervated previously, or one adrenal 
was removed and the other denervated {animals 17, 24, 27, tables 2 and 3). In three 
ex^ieriments adrenalectomy was performed on the day of the experiment {animals g 
and 2r, table 2, animal 23, table 3), Wdien each of the former group of animals was 
autopsied, the extent of deners^ation was found to be almost but not wholly complete, 
one fine nerve twig running to the adrenal or adrenals from the remaining upper 
portions of the lumbar sympathetic chains. (The second experiment on animal 24 
was not included in the denervated group because a time sufficient for regeneration 
had elapsed.) In each of these eight experiments, with the adrenals (almost) totally 
denervated or removed, there was a fall in the skin temperature of the operated paw 
which was no less sudden than in the animals with intact adrenals. One of these 
records, from cat 21, Series II, is shown in figure 3, upper left. The sudden rise in the 
temperature of the normal paw following sectioning of the corresponding sciatic 
nerve provides a check on the adequacy of the blood pressure and the absence of 
shock. 

b) Possible persistence of nerves to blood vessels. With the exception of one experi- 
ment, in which the skin temperature declined gradually, there was no essential 
difference between experiments with animals in which the sciatic nerve alone was cut, 
and experiments with 6 animals, (nos. 18, 20, 21, table 2, and nos. 23, 28, 30, table 3) 
with total denervation of the leg. The sciatic nerve, femoral nerve and a branch o 
the obturator nerve were cut and, in addition, in three of these animals the skin an 
subcutaneous tissues of the leg were cut completely around in the thigh and then 
sewed up. Portions of the femoral artery and vein were dissected free and soake 
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several times with 10 per cent iodine or 95 per cent alcohol. As a final check, in one 
experiment, {animal 30, table 3) four days following section of the nerves to the leg, the 
leg was completely amputated in mid-thigh, including all tissues and the bone, except 
for the artery and vein. These vessels were dissected free and were wrapped in 
cotton soaked with 2 per cent procaine. The bone was wired together and the skin 
sewed up. As shown in figure 4, sudden vasoconstriction occurred on cooling the 
box and sudden vasodilatation occurred on subsequently warming the box. 

c) Humoral agents other than epinephrine. The tendency of a cold environment 
to cause the body to produce a circulating vasoconstrictor substance was reduced to a 
minimum in one experiment (the first of 3 on animal 25, table 3) by applying heat by 
means of an electric pad to tlie body of a cat located in a room at 3o°C., whose hind 
paws, projecting into the cold box, were the only parts of the animal exposed to cold. 


EX-SO-m-CAT Nasa LEG DENERVATED 4 DAYS- 

ON DAY OF EXPERIMENT. LEG AMPUTATED EXCEPT ARTERY AND VEIN TO WHICH 2% NOVOCAINE APPLIED. 

40* 
38 
36 
34 
32 



28 
26 
24 
22 
20 
18 
16 
14 
12 
10 
' 8 
6 


0 20 40 IHR 20 40 2HR 20 40 3HR 20 40 4HR 20 40 SHR 20 40 

Fig. 4. Sudden vasoconstriction, and later sudden vasodilatation, occurring after exclusion of 
possible persisting nerves by amputation of leg, mth the exception of artery and vein, which were 
procainized. Both hind paws were alone cooled, but portions of legs above paws were kept warm. 
Sudden vasoconstriction occurred in previously denervated paw after cooling air in box, and later in 
the experiment sudden vasodilatation occurred in paw following warming of box. 


The chart is shown in figure 5. At the time when the operated paw (sciatic nerve 
sectioned) showed the characteristic sudden vasoconstriction as a result of cold, the 
normally innervated paw was warm, indicating absence of reflex vasoconstriction. 
At the time of the arrow on the chart, the heater pad was turned off, following which 
the normal paw constricted reflexly as shown. This experiment tends to rule out 
sympathin as causing the vasoconstriction, inasmuch as generalized sympathetic 
activity as a result of cold was eliminated by keeping the animal warm. Similarly, 
the experiment tends to rule out other possible vasoconstrictor substances which 
might be released as a result of exposure of the animal to cold. 

An additional factor tending to rule out sympathin or another vasoconstrictor 
agent is the sudden vasodilatation occurring in the denervated or sympathectomized 
limb when the air was warmed, as shown in the latter part of the experiment charted 
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in figure 4, In tlic three experiments in whidi tliis occurred the normal paw remained 
reflexly constricted, indicating generalized activity of the sympathetic nervous system 
in response to cold, yet the sympathin which must have been produced by this activity 
was incapable of preventing vasodilatation of the operated paw. 

Attempts were made to induce the sudden vasoconstriction by injecting various 
substances or carrying out certain procedures when it was estimated that the skin of 
the operated paw was close to the ‘critical temperature’ for sudden vasoconstriction. 
All such attempts failed to produce the characteristic sudden fall in temperature. 
The agents and procedures used, with their effects on the skin temperature of the 
operated paw, were as follows: acetylcholine, i to too, 000, sodium bicarbonate, 2 per 
cent, both I.V., and CO2 7.5 and lo.o per cent, via tracheal cannula (slight rise in 
skin temperature), ammonium chloride, 2 per cent, I.V., and hyperventilation by 
means of artificial respiration apparatus, (slight fall in skin temperature). 



Fig. 5. Sodden vasoconstriction occurring in denervated left hind paw of animal kept warm 
enough to maintain reflex vasodilatation in normally innervated right hind paw. At tlie arrow, the 
heater pad on the animal's body was turned off. 

During the course of the investigation, it was found that pentobarbital, when 
administered in small maintenance doses (approximately 7 mg/kg. intraperitonealij’’), 
at a time which happened to coincide with the start of a sudden fall in skin temper- 
ature of the operated paw, often actually interrupted the fall, causing the skin temper- 
ature to rise again to its previous value for periods of varying duration. In most 
instances the dose used was insufficient to abolish reflex vasoconstriction, A similar 
interruption of the sudden fall in skin temperature was produced by means of a 
moderate dose (7 mg/kg. I.V.) of tetra-ethyl-ammonium bromide (‘TEA’) adminis- 
tered to an animal with section of all nerves of the brachial plexus (no. 24, table 3). 
However, in the experiment in which the leg was amputated (fig. 4) there was no 
interruption of the sudden fall when TEA was injected. These limited data suggest 
that TEA when it did produce vasodilatation in the operated paw may have done 
so by preventing irnpulses from passing down sympathetic nerves perristing in' spite of 



November i'g^S 


VASOCONSTRICTION AFTER DENERVATION 


177 

attempts to eliminate them, rather than via a direct vasodilating action on the blood 
vessels themselves, especially since TEA has no such vasodilating action when 
injected intraarterially into normal limbs (14). 

DISCUSSION 

Other factors having been excluded, it is our impression that the sudden vaso- 
constriction described here may be induced by the combined action of two local 
process^es, as follows: first, as a result of denervation, the smooth muscle of the 
arteriole may become sensitized to cold, as suggested by Cannon (15). A second 
factor tending to reduce the blood flow, though not suddenly, may result from a 
reduced' formation of vasodilator metabolites owing to cooling of the tissues, as 
described by Freeman (18). 

As a partial test of the first hypothesis we (16) have studied the effects of cold on 
the normal and denervated nictitating membrane, a smooth muscle which Bozler (17) 
places in the same classification (‘multi-unit’) as the blood vessels, because of certain 
characteristics in common to both. The nictitating membranes (n.m.) were cooled 
by means of small glass bulbs which were inserted in place of the eyes of the cats. 
The effect of cold alone was tested first, by gradually lowering the temperature of 
water which was pumped through the interior of the bulbs and second, by suddenly 
lowering the temperature of the water from 37°C. by varying amounts. In two out 
of four experiments the chronically denervated n.m. showed true sensitization to cold, 
contracting in response to a smaller drop in temperature than the normal n.m., and 
showing a greater contraction than the normal with a given drop in temperature for 
all less-than-maximal contractions. In addition, the contraction of the denervated 
n.m. in response to cold was always jerky and sudden, producing a stepwise tracing, in 
contrast to the smooth continuous contraction of the normal n.m. 

One would have at least a partial explanation for the sudden vasoconstriction 
should the chronically denervated blood vessel respond to cooling in the same way as 
the nictitating membrane. That certain types of blood vessels can become sensitive 
to local cooling is indicated by the observations of Lewis and Landis (19) in Ray- 
naud’s disease, in which arterial vasoconstriction occurred upon exposure to cold 
even after nerve block or sympathectomy. The fact that sudden vasoconstriction 
occurred in our experiments after cooling the paw alone, while keeping the leg warm, 
merely indicates that the response occurred either in the arteries of the paw itself or 
in the arteriovenous anastomoses of the skin of the paw, but does not distinguish 
between the two. 


SUMMARY 

A sudden, late fall of skin temperature was observed when denervated or sym- 
pathectomized paws of one unanesthetized dog and 16 lightly anesthetized cats were 
exposed to cold for prolonged periods. A corresponding abrupt rise of skin tempera- 
ture was observed when the chilled extremities were exposed again to warm air. 
Analysis of the curves of skin temperature indicated that the vasoconstriction produc- 
ing this sudden fall in skin temperature was marked enough to reduce blood flow to 
approximately one-tenth its previous value. The vasoconstriction appeared when 
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the skin of the operated paws reached a ‘critical temperature’. After preganglionic 
lumbar sympathectomy in the dog, this ‘critical temperature’ remained constant at 
approximately 22° ± 2°C.,upto 130 days postoperative, .A,ftcr section of the sciatic 
nerve in cats, the ‘critical temperature' ranged between 19° and 26°C. up to 2 days 
after operation and then rose to reach between 28 and 3i°C. by 4 to 21 days post- 
operative, This effect of prolonged cooling appears to be due chiefly to locally 
increased sensitivity of the denervated blood vessels to cold because the reaction 
appeared at the usual ‘critical temperature' a) when the adrenal glands were 
extirpated or inactive, h) when the leg was disconnected from the body except for the 
procainized artery and vein and c) when only the paws were chilled while the animal’s 
body was kept warm enough to produce maximal vasodilatation in the normally 
innervated paws, 

VVe wish to thank Dr, Eugene M. Landis for his many helpful suggestions, 
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EFFECTS OF COOLING ON NERVE CONDUCTION IN A 
HIBERNATOR (GOLDEN HAMSTER) AND NON- 
HIBERNATOR (ALBINO RAT) 
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From the Departments of Physiology and Anatomy, Haroard University Medical School 

BOSTON, MASSACHUSETTS 

L ittle attention appears to have been paid in recent years to neurophysio- 
logical differences between mammals capable of hibernation and those that 
^ are not. Horvath (i) pointed out that certain species (groxmd squirrel, 
hedgehog, European hamster, and bat) could be cooled artificially imtil their rectal 
temperatures approached o°C. and still revive spontaneously on being returned to a 
warmer environment. On the other hand cooling to a rectal temperature of io° to 
I9°C. is usually fatal to mammals which do not hibernate, for example, rabbits, cats, 
dogs, guinea pigs, rats and monkeys (2-8), although mice have survived a body tem- 
perature of 8.5°C. (9) and newborn rats have recovered from 5°C. (10). 

Interest was aroused in the present problem when it was noted that hibernating 
golden hamsters with body temperatures of 4°C. as measured by rectal and cheek 
pouch thermocouples still responded to external stimuli. Since it had been shown 
that nerves of the cat studied in vitro cease functioning at about 8°C. (ii), it was 
thought advisable to compare the effects of cooling on conduction by nerve in the 
hamster and a non-hibernating rodent, the albino rat. 

METHOD 

Adult golden hamsters {Mesocricelus auraitis) and adult albino rats were killed by stunning or 
decapitation, the tibial nerves removed and placed in Ringer’s solution at room temperature. Each 
of the pair of nerves was then in turn arranged for monophasic recording on silver-silver chloride 
electrodes in a double-walled moist chamber, the temperature inside of which could be changed in 
steps from 2o°C. to 2°C. by means of circulating brine. The nerve was crushed imder the distal 
recording electrode, but no attempt was made to minimize the positive artefact with KCl or cocaine. 
A thermometer with bulb close to the nerve measured the temperature inside the chamber. Com- 
plete observations were made on 10 nerves from hamsters, 3 of which were from hamsters which had 
been in hibernation for 32 to 52 days and on 12 nerves from rats. 

Preliminaiy experiments showed that it took about 10 minutes for a nerve to reach equilibrium 
at any one temperature. Hence the nerves were always left at any given temperature for at least 10 
minutes before observations were made. 

The nerves were stimulated with supramaximal biphasic shocks from a Grass stimulator led to 
the nerve in the chamber through a Wagner ground. Nerve action potentials were led into a capac- 
ity-coupled amplifier on push-pull and thence to a cathode ray oscilloscope, where the potentials were 
either photographed or measured directly with a celluloid grid. 
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Since the nerves were short, especially those from the hamsters, we were able to obtain only 
one elevation of the compound nerve action potential. The variables measured were; height of the 
action potential, conduction velocity, excitability, the temperature at which the nerve ceased to con- 
duct and, in a few cases, the absolutely and relatively rcfractorj* periods. Excitability was measured 
as the reciprocal of the voltage necessary to just c.ause the appearance of the nerve action potential. 
Thus when 'excitability' is used below it refers to the excitability of the fibers with lowest threshold 
in the two groups of nerves. 

All measurements of the above variables made at 2o®C. were arbitrarily taken to be 100 per cent 
ahd changes in the variables were recorded boUi in afisolutc figures and as percentages of the values 
at 2o‘’C. 

Gasser (12) has pointed out tJiat the internal resistance of nerve fibers changes with tempera- 
ture, which has an effect on the magnitude of the recorded potential. In order to evaluate this source 
of error, the resistances of tibial nerves from a hamster and rat were mc.isured on electrodes in the 
chamber with an A.C. bridge at 3000 c/sec. On cooling from 2o'’C, to 6°C. the nerves showed an 
average increase in resistance of 61 per cent and the rates of change of resistance were similar. This 
increase is not great enough to exert significant influence on the results reported below. 


Table i. Tempekatckes at which the tibiae nehves of hamster anti ievt ceased to con’dcct 
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RESULTS 

Mmiindl lempcralurcs pcnnilling couduclion in nerves oj hamster and rat. The 
most striking difference between the tibial nerves of the two species studied is that 
nerves from hamsters as opposed to nerves from rats will conduct when cooled to 
lower temperatures. Table i shows the temperatures at which nerves in each single 
experiment ceased to conduct. 

As can be seen in table i, the average critical temperature for functioning of 
nerves was for the tibial of the hamster 3.4°C. and for the rat 9.o°C. • Statistical 
analysis of the figures of table i according to the ‘t’ test of significance shows that P 
is much less than o.oi, hence the observations are statistically valid. 

EJfecl of cooling on height of action potential, conduction velocity, and excitability. 
The differences in these respects between the nerves of hamster and rat can best be 
appreciated by reference to figures i to 3, which show typical results. In figure i it 
can be seen that cooling the tibial nerve of a rat {exp. Rio) from 2o°C. causes a pro- 
gressive decrease in the height of the action potential and in conduction velocity. 
In figure 3 the relative changes in these variables for the rat are plotted, together with 
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11 * 10 * 20 * IMSEC. 


Fig. I. Action potentials of tibial nerve of a rat at various temperatures. A through E 
shows gradual decrease in ht. of action potential and conduction velocity on cooling, all at same gain. 
In F, G and E, with gain increased approximately 10 times, the nerve was cooled from i2.s°C. and 
the action potential was seen to disappear completely at io°C. I, at original gain, shows the action 
potential when the nerve had been rewarmed to 2o°C. (exp. Rio). 



Fig. 2. Action potentials of tibial nerve of a hamster at various temperatures. All 
potentials at same gain. B through H, gradual decrease in ht. of action potential and conduction 
velocity on cooling. Note that a small potential was still present at 2.s°C., hut disappeared com- 
pletely at 2.o°C. (confirmed with higher gain). I shows the potential when the nerve had been re- 
warmed to 2o°C. (exp. H2). 
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the change in the e.xcitab)lity of the nerve. All three variables are seen to decrease 
fairly linearly and at approximately the same rate. 

Figure 2 shows the action potential of a typical nerve from a hamster {exp. II2) 
which in this case happened to be from a hibernating hamster, although nerves from 
non-hibernating hamsters behaved similarly. Figure 3 reveals that while again in 
the hamster there is a fairly linear decrease in conduction velocity and excitability 
with cooling, the cur\'e is shifted markedly to the left from that of the rat and there 
is a dissociation in that the action potential actually increases in height transiently 
as cooling progresses. 


Fig. 3. PtOT OF CO.VDOCnON 
VEi-oanES, action potentials, and 
cxcitabilitics of the nerves of figs. 1 
and 2 at various temperatures, 
showing the fairly linear deacasc 
in these 3 variables on cooling for 
the rat, the shifted curve of de- 
crease in conduction velocity and 
excitability for thehamstcrand the 
transient increase in ht. of action 
potential found in the hamster. 


Figures i and 2 illustrate one other difference between nerves of hamster and rat, 
namely, that when the nerves were retvarmed to 20°C. after they had been cooled till 
conduction ceased, nerves from rats in only 2 out of 12 experiments showed the orig- 
inal height of the action potential, while the nerves of the hamsters in all but one 
instance showed their original potential or even exceeded it. 

EJjfecl of cooling on absolutely and relatively refractory periods. These have not 
been analyzed with precision, but we can state that, as might be expected, coolmg 
increased the duration of these refractory periods. Furthermore, ner\’-es from ham- 
sters required a greater amount of cooling than nerves from rats to bring about the 
same relative changes in refractory periods. 

Fatigue in cooled nerve of the hamster. We have noticed in nerves of hamsters 
that, at temperatures of 5°C., repetitive stimulation at rates as low as i/sec. resulted 
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in rapid fatigue as evidenced by a progressive decrease in the size of the action poten- 
tial. 

Absolute conduction velocities in nerves from hamsters and rats. Conduction 
velocities in nerves of hamsters at 2o°C. averaged 30.5 m/sec., while nerves from rats 
at the same temperature conducted at an average rate of 37.8 m/sec. Statistical 
analysis showed no significant difference between the two groups. Measurement of 
conduction velocity in such short lengths of nerve is difficult to do accurately, but the 
highest figure obtained for the rat (69.2 m/sec.) is of the order of magnitude one would 
expect from consideration of the known maximal fiber diameter in the tibial nerve of 
this species (13). 

Similarity of fiwction in nerves from hibernating and non-hibernaling hamsters. 
When it was discovered that nerves from hibernating hamsters conducted at lower 
temperatures than those from rats, the question arose as to whether the resistance to 
cold was a property which the nerves acquired as the hamster went into hibernation 
or whether this property was intrinsic to the species. Subsequent studies revealed 
no differences in thermal sensitivity between the nerves of non-hibernating and hiber- 
nating hamsters. Thus the property of being able to conduct at low temperature is 
a true species difference and not a change in the nerve which occurs when the hamster 
is exposed to cold. 


DISCUSSION 

The observations reported here would appear to confirm the dictum of Horvath 
(i) that “artificial cooling has clearly shown that hibernators react to cooling com- 
pletely differently than non-hibernators.” Indeed Tait (14) stated that a phrenic 
nerve-diaphragm preparation, as well as the excised heart, from hibernating animals 
(woodchuck, hedgehog) showed activity at much lower temperatures than would be 
expected were the preparations from non-hibernating animals. 

The fact that the action potential and conduction velocity of mammalian nerve 
decrease with cooling has been recorded by Gasser (12). If this decrease is assumed 
to be linear, an extrapolation made of Gasser’s figures for the phrenic nerve of the 
dog shows that this preparation should cease to conduct at about ii°C., which is 
comparable to our results with the tibial nerve of the rat. 

When nerves from hamsters are cooled, conduction velocity and excitability 
seem to decrease at the same rate, while in the early stages of cooling the height of the 
action potential is well maintained or may even increase. The literature on the 
effects of cooling on the height of the action potential is controversial. For example, 
Gasser (12,15) described a decline in height on cooling in mammalian and frog nerves, 
whereas Schoepfle and Erlanger (16) found that cold increased the height of the action 
potential in frog single-fiber preparations and Lundberg (17) found that cooling in- 
creased the height in mammalian C but not mammalian A fibers. At any rate, the 
behavior of nerve from the hamster on cooling shows a dissociation between height 
of the action potential and conduction velocity which, if examined in the light of cur- 
rent theories of nerve conduction, indicates that the usual proportionality between 
these two variables may be more fortuitous than fundamental. 

The hamster shows a resistance and adaptation to cold which the rat does not 
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possess. The mechanism of the differences in response to cooling displayed by nerves 
from the two species remains obscure. Lundberg (17) has recently shown that C 
fibers are more resistant to cooling than A fibers. However, it is doubtful that the 
physiological differences between ner\^es from hamsters and rats could be based merely 
on differences in fiber size, since at low temperatures the nerve of the hamster is more 
excitable and has a larger action potential than one would expect if the still active 
fibers were only the smallest ones. 

Studies on the metabolism of hibernating hamsters in a cold room (4°C.) with a 
body temperature of 4°C. have shown (18) that, if the room temperature is dropped 
another 2° to 6°C., the animal’s temperature will again begin to decline. Under 
these circumstances one of three things may happen — the animal’s temperature may 
drop until it dies, the hibernator may ‘wake up’^ or it may remain in hibernation but 
increase its oxygen consumption so that its body temperature is maintained at 2.s°C. 
— that is, above the new temperature of the cold room. It is significant that this 
figure for maintained body temperature is just above the lowest critical temperature 
for nerve functioning which we have found (2°C. in a hibernator). Hence the ham- 
ster shows remarkable adaptation to low temperatures both by a reflex metabolic 
adjustment for surxdval and by a tolerance of its ner\fes for cold not shown by the 
non-hibernator. 


SUMitARV 

The golden hamster (Mcsocricctus auraius) hibernates when exposed to cold 
whereas the rat does not. The behavior of tibial nerves from these two species was 
studied during cooling to determine whether the effects on the height of the action 
potential, conduction velocity, excitability and refractory periods would demonstrate 
species differences in the resistance of nervm to cold. 

Nerves from hamsters did not cease functioning until an average temperature of 
3.4°C. was reached, while nerves from rats ceased functioning at an average tem- 
perature of 9°C. ^^^aen nerx^es from rats were cooled, the action potential, conduc- 
tion velocity and excitability decreased linearly with temperature. I\Tien nerves 
from hamsters were cooled similarly these variables decreased at a slower rate. The 
action potentials increased in amplitude in the early stages of cooling and then de- 
clined. 

Cooling increased the duration of the absolutely and relatively refractory 
periods of nerves from both animals, although relatively less so in the hamster than 
rat. Tibial nerves of hamsters, tliough capable of functioning at low temperatures, 
fatigued rapidly at such temperatures. The critical temperature at which peripheral 
nerve of the hamster ceases to function is at a level just below that at which hiber- 
nating hamsters have been found to maintain their body temperatures by metabolic 
means when exposed to extreme cold. 

® We use the words ‘wake up’ advisedly. As Horvath (i) said, “Fassen wir alle 
Kenntnisse liber den Winterschlaf zusammen und zichen besonders den sommerlidien Winterschlaf 
und unsere voile Unkenntniss des gewbhnlichen Schlafes in Betracht, so gelangen wir immer mehr 
und mehr zur Einsicht, mit wie viel Recht man (jetzt noch) sagen kann; ‘Der Winterschlaf ist erstens 
kein Schlaf, und zweitens hat er gar nichts mit dem Winter zu thun’ ”. 
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The results reported are regarded as evidence of an intrinsic adaptation to cold 
possessed by a species capable of hibernation, 
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HISTAMINE AS THE POSSIBLE CHEMICAL MEDIATOR FOR 

CUTANEOUS PAIN 

SOL ROY ROSENTHAL ant) R.\LPH R. SONNENSCHEIN 

From the Dcparlvicnls of Prevcnlivc Medicine and Public HcaUh, and Clinical Science, Uni- 
versity of Illinois College of Medicine 

CraCAGO, ILUKOIS 

P REVIOUS studies (1-5) liavc indicated that histamine, or a histamine-like 
substance, may be a peripheral mediator of cutaneous pain. By use of 
sensitive biological metliods, it was demonstrated that irritation of the sldn or 
cornea by mechanical, electrical or chemical stimuli, below the threshold for injury, 
is associated with the liberation of histamine or a histamine-like substance; the 
quantity liberated varies directly with the intensity of the stimulus. In addition, 
the perfusion of a solution of histamine onto the denuded skin or its intracutaneous 
injection is associated with painful sensations. 

As a corollary, it was shown that certain histamine antagonists (phenol ethers), 
in sufficient subcutaneous dosage, produce a generalized peripheral anesthesia in the 
dog, monkey and human being; on intracutaneous injection, they produce local 
anesthesia (6), It has since been reported that other anti-histamine drugs, of widely 
varying structure, likewise act as local anesthetics (7). 

A recent study by V. Euler (8) has shown the presence of a relatively high con- 
centration of histamine-like substance in mammalian sensory ner\'e: 25 to 40 
of nerve. By comparison, only 0,01 p.g. of acetylcholine and i Aig, of sympathin 
(dS — noradrenaline) per gram were found. Here, again, a role of histamine m 
mediation of pain is suggested. 

The present report concerns itself witli the determination of the minimum con- 
centration of histamine necessary to produce sensations on intradermal injection. 
As a control, the actions of acetylcholine, potassium chloride and adenosine, sub- 
stances which might conceivably play a role in pain mediation, were also tested, 
alone and in combination with histamine, 

METHOD 

Twenty-seven adult (male and female) subjects were tested: Caucasian, Negro and Mongoloid 
racial types were represented in the series. The subjects were members of the faculty of e ni 
versity of Illinois and, to a lesser extent, of the student body of the College of Medicine. . .. 

All solutions used for injection were made up fresh each day, in chemically clean an s eri e 
glassware. The diluent for all test substances was a sterile (pyrogen-free or not) solution ° ^ 

per cent NaCl in distilled water, always taken from the flask containing the saline used for the con 0 
(blank) injections. Histamine, as the dihydrochloride, and acetylcholine, as the chlon e, were 
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diluted directly from sterile ampules. Potassium chloride and adenosine solutions were autoclaved 
at IS pounds pressure for 15 minutes. 

At the start of each experiment, the subject was put at rest in a comfortable reclining chair 
and one arm, the volar surface cleansed with soap, water and alcohol, was held in the lap of the ex- 
perimenter. The subject was not told of tlie nature of the experiment, other than that there would 
be a series of intradermal injections, and was not allowed to look at the arm throughout the experi- 
ment. He was instructed to state immediately the occurrence of any sensation following the particu- 
lar injection; this was noted and timed with a stopwatch. 

For the injection, 27-gauge needles and 2-cc. syringes were used; a different set was employed 
for each concentration of the respective solutions. The needle ivas gently inserted, as superficially 
as possible, into the skin of the volar surface of the forearm. No injection ivas made until the pain 
from this prick had subsided. About o.oi ml. was injected, producing an initial wheal of 2 to 3 mm. 
The injections were randomized with saline controls interspersed; there were as many saline placebo 
injections as of any given solution used. The results of each injection were timed for a minimum of 
three minutes. 


KESULTS 

The accompanying table summarizes the essential results. It will be noted that 
definite painful sensations were reported with histamine at concentrations of 10“^® 
and the results were significant within the 5 per cent limit of confidence (P 
value 0.05). In ii of the 44 trials at these two concentrations, a double sensation 
occurred, e.g. prickling became a dull pain or vice versa. On the contrary, when 
saline alone was used, no more than one sensation was experienced, if any, and this 
was of much shorter duration than that following histamine. This is illustrated by 
the following protocol of any experiment on a white male subject, using io~^® hista- 
mine: 


Secs, after 
injection 

Sensation 

Secs, after 
injection 

0 

Nothing 

100 

30 

Low intensity pain 

120 

60 

Increasing pain. 

150 

83 

same quality as above 

Pain still present 

170 

90 

Pain at maximum 



Sensation 

Pain decreasing 
Very slight pain still present 
No pain, but ‘awareness’ at site of 
injection 

All sensation gone 


With the same individual, one response to saline was entirely negative and the other 
two were as follows : 


Secs, after 
injection 

o 

IS ■ 

30 

45 


Sensation 

Nothing 

Nothing 

Nothing 

Slight pain of very low 
intensity 


Secs, after 
injection 

60 

90 

120 


Sensation 

Nothing 

Nothing 

Nothing 


Generally, at the higher concentrations of histamine, io~® and greater, three t3^es of 
sensations were reported with each injection. 

Itching, usually following an initial pain, occurred with concentrations of io~® 
and greater, but not at the lower concentrations. Secondary wheals and flares 
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Table i. Response to histamine injected intradeemally (27 normal adot.ts) 


CONCENTRATIOM' 

Xio-« 
{3.510 1.35) 

Xio-< 

(jo lo 3.1I 

JO"* to 10~* 

IO~* to JO'U 

IO~>*tOJO"‘ 

JO-U 

JO-" 

Saline 

, Type of Bensiition 








P 05 . 

Obi. 

P 05 . 

■ 

B 

B 

IB 

m 

Pos. 


10 


JO 


54 


XX 


36 


J 4 


30 


60 


Prickling, sling- 

















ing or tingling. 

















As istsens.* 


I 


2 


15 


3 


3 


s 


6 


7 

as 2d sens 


0 


m 


3 


2 


0 


2 


0 


0 

as 3d sens 


0 


B 


2 


0 


0 




m 

■ 

0 

Total 


I 


3 


20 


5 


3 


B 

■ 


1 

7 

Burning 












B 

1 


I 


As 1st sens 


0 


I 


9 


0 


3 



B 


B 

4 

as 2d sens 


6 


3 


X 


0 


B 

B 


B 


B 

0 

as 3d sens 




B 


0 


0 


B 

B 


fl 


B 

0 

Total 


B 


1 


m 


0 


3 


3 


3 


4 

Itching 


■ 


■ 













As ist sens 


H 


H 




1 




0 


B 


3 

as 2d sens 


H 


3 




0 




0 


B 


0 

as 3d sens 


B 


2 




0 




0 


B 


0 

Total 


8 


6 


IS 


I 




0 


B 


3 

Pain {dull) 

















As ist sens 


2 


1 


II 


B 


3 


7 


2 


7 

as 2d sens 


m 


I 


7 


H 


2 


I 


2 


0 

as 3d sens 


m 


9 


0 


B 


0 


0 




0 



H 


— 


— 


H 


— 


— 




— *• 

Total 


2 


II 


18 


1 


s 


8 


B 


7 

Pain {sharp) 













■ 

B 



As ist sens 


m 


S 


9 


2 


2 

B 


B 



0 

as 2d sens 




I 


6 


0 


I 

B 


B 



0 

as 3d sens 


B 


0 


0 


0 


0 

B 


■ 



0 





— 


— 


— 


— 


^9 

■ 

^3 



Total 


B 


6 


IS 


2 


3 


8 


3 


0 

Grand total. . . 

10 

10* 

10 

10 



11 

7 

26 

II 

24 

18 

20 

13 

60 

21 

Percentage positive. 100% 

100% 

89% 

63% 

4 - 2 % 

7S% 

65% 

35 % 

Value of J)* 

. .<0.01 

<0.01 

<0.01 

<0.05 

<0.05 

<0.01 

.05- 

.01 1 



^ Concentrations are calculated for histamine base. .. 

* Obs. = Number of observations (individual injections); ’Pos. = Number of positive ' 

* Grand total of positives is sum of positive injections without regard to number o sen 

produced. . . . , . 

® 1st, 2d and 3d sensations refer to order of appearance of respective sensations as repo 

subject after each injection. troUnn 

* pis calculated from chi-square of fourfold table, with grand total figures for each concen 
of histamine compared with those for saline. 
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(triple response) were also absent with concentrations less than 10“®; when present, 
they were not always accompanied by itching (9). No correlation in sensitivity to 
histamine was found witheither sex or race. 

Potassium chloride alone at i : 100 caused a sharp stinging, while i : 1000 dilution 
gave nO'sehsition. Acetylcholine at i : 500 produced a definite burning sensation but 
little to ho' sensation at i : 1000 dilution; when combined with histamine, at a final 
dilution of 1000, it did not augment the pain-producing action of histamine. A 
similar lack of augmentation was found with adenosine (1:2000 final dilution). 

DISCUSSION 

By application of Avogadro’s Number, it may be shown that o.oi ml. of 10"^® 
histanune base contains 54 molecules of the active agent. Errors in the serial dilution 
may, of comrse, cause the actual niunber to vary by 100 to 200 per cent. Even so, 
since such an extremely small number of molecules is associated with definite painful 
sensation, the postulate of specificity of histamine (or a histamine-like substance) as 
an integral part of the peripheral cutaneous pain mechanism is strongly supported. 
The possibility remains that the physiologic substance is only ‘histamine-like’, and 
that the injected histamine simulates this substance. The decision on this point 
must remain in abeyance until more specific methods are available for characterizing 
the naturally occurring substance, released on painful stimulation. 

Our results on the action of acetylcholine are in variance with those of Emmelin 
and Feldberg (10), who reported that this substance, injected into the skin by punc- 
ture with a sharp needle, at i : 50 and i : 100 caused no sensation, but in combination 
with histamine caused a burning sensation. The discrepancy in observed responses 
may be due to the difference in methods of injection. 

Our results indicate that itching is not a ‘subthreshold’ paiu, since production of 
an itch requires a stimulus much stronger than that for a pain. It appears, rather, 
that the sensation (s) variously described by our subjects as ‘prickling’, ‘tingling’, or 
‘stinging’ is most likely the least perceptible manifestation of pain. 

SUMMARY 

Painful sensations may be produced by the injection of histamine, at concen- 
trations as low as 10“^®, into the superficial layers of the cutis. These findings are 
taken to indicate specificity of histamine in production of cutaneous pain and sub- 
stantiate the postulate that a histamine-like substance acts as a physiologic mediator 
of pain. Acetylcholine and adenosine apparently do not augment the cutaneous 
pain-producing action of histamine. The fact that production of itching requires a 
higher concentration of histamine than that necessary for pain indicates that itching 
is not a ‘subthreshold’ pain. The least perceptible manifestations of pain are 
‘prickling’, ‘stinging’ or ‘tingling’. 

We acknowledge with thanks the help and suggestions given by Dr, Carl C. Pfeiffer, Head of 
the Department of Pharmacology, University of Illinois. 
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RELATION OF CEREBRAL ARTERIOVENOUS DIFFERENCE 
IN OXYGEN CONTENT TO ARTERIAL CARBON 
DIOXIDE TENSION 

E. S. GURDJIAN, J. E. WEBSTER and W. E. STONE* 

With the technical assistance of J. Kopala 

Trom the Laloratory of Surgical Research, Wayne University College of Medicine, and the 
Department of Neurosurgery, Grace Hospital 

DETROIT, MICHIGAN 

L ennox, Gibbs and co-workers (1-3) have published a series of investiga- 
tions leading to the theory that the brain is protected from rapid alteration 
^ of its acid-base balance by compensatory changes in the cerebral blood flow. 
This regulatory mechanism is considered to be functional only in the presence of ade- 
quate oxygen, the need for oxygen being paramount. The theory is based in large 
part on studies of cerebral arteriovenous differences as observed in human subjects, 
the cerebral venous blood being obtained from the internal jugular vein. 

This theory was questioned by Schmidt and co-workers (4, 5), who measured the cerebral blood 
flow and gaseous metabolism in the monkey and concluded that the tone of the cerebral vessels tends 
to alter in accordance with the oxygen requirement of the brain, which varies with its functional 
activity. Gibbs, Maxwell and Gibbs (3) pointed out that the values for oxygen content of the blood 
appeared to be considerably below normal in the experiments of Schmidt and co-workers. Geiger 
and Magnes (6), using the perfused brain of the cat, obtained results which agreed in part with those 
of Schmidt and co-workers. They found that the cerebral blood flow could be correlated with oxygen 
consumption at the lower levels of blood flow, but not at the higher levels. Carbon dioxide showed 
only a slight regulatory effect on blood flow. In a study of the effects of hyperventilation on human 
subjects, however, Kety and Schmidt (7) reached conclusions which are in accord with those of 
Lennox and co-workers. 

Some of the interpretations of Lennox, Gibbs and Gibbs and of Kety and Schmidt have been 
called into question by Ferris and his co-workers (8), who, w’hile not disputing the regulatory function 
of carbon dioxide, found that variable amounts of extracranial blood may be included in specimens 
drarvn from the internal jugular vein 

In this paper are presented some measurements of cerebral A-V differences in 
oxygen content obtained on dogs. Blood samples were obtained from the superior 
sagittal sinus representing the blood draining the cerebral cortex without admixture 
of significant amounts of extracranial blood. These data have been obtained in the 
course of studies on metrazol comoilsions (9) and on the relations between the blood 
gases and certain constituents of the cerebral tissue (10). The findings are in agree- 
ment with the views of Lennox and co-workers. 
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' PROCEDURES 

Dogs were given 20 mg. morphine sulfatc/kg. body weight by subcutaneous 
injection, A Magill intratraclical tube with a Waters-Guedel inflatable cuff was 
inserted. Local infiltration with 0.25 per cent procaine hydrochloride v;as used for 
exposure of the skull and of the femoral arteries and veins, A trephine opening was 
made over the superior sagittal sinus and the bone of the calvarium was removed over 
a wide area, leaving the dura intact. One femoral arterj' was cannulated for the 
measurement of blood pressure. At this point the ‘normal’ blood specimens were 
drawn simultaneously from the femoral artery and the sagittal sinus, bemg collected 
anaerobically over mercury with heparin as the anticoagulant. 

Mixtures of oxygen, carbon dioxide and nitrogen were administered from a 5-Hter 
breathing bag connected to a Foregger anesthesia apparatus. During the period of 
administration of the desired mixture, 1 2 to 14 minutes after its inception, blood speci- 
mens were again taken simultaneously from the artery and the sagittal sinus. 

Decreased arterial carbon dioxide tension was attained by hyperventilation with 
air or oxygen. In this group of experiments the animals were immobilized by intra- 
venous injection of a 0.75 per cent solution of dihydro-beta-erythroidine hydrobro- 
mide^ in physiological saline (i cc/kg. body weight), the dose being sufficient to induce 
respiratory paralysis. Artificial respiration was then given by means of a respiratory 
pump. 

Blood Gases and pH. The oxygen content and capacity and the carbon dioxide 
content of the blood were determined by the manometric methods of Van Slyke and 
Neill (ii). Blood pn was determined anaerobically at 38° C, within a few minutes 
after the specimen was drawn, by means of a glass electrode and a voltmeter similar 
to that described by Nims (12). The standard buffers used were those of Hastings 
and Sendroy (13), since it was desired to calculate the carbon dioxide tension from the 
line charts of I-'an Slyke and Sendroy (14) based on tlie same pn scale. Root cl d. 
(15) have shown that these charts are applicable to dog blood. 

RESULTS 

The cerebral arteriovenous difference in oxygen content was found to be greatly 
increased when the arterial carbon dioxide tension was decreased by hj^jerx’^en^ation. 
Likewise a decrease in the A-V difference occurred when the carbon dioxide tension 
was increased. In the ‘normal’ animals (breathing air), the A-V difference was found 
to be inversely related to the arterial carbon dioxide tension. In figure i are plotted 
all the available data except those in which the arterial oxygen tension was below 28 
mm. Hg (calculated from the oxygen dissocation curve, with appropriate pK correc- 
tions). It is evident that when the oxygen supply is adequate the A-V difference in 
oxygen content is a function of the arterial carbon dioxide tension. The curve shows 
the upper and lower limits of the A-V difference, which may be interpreted as indi- 
cating the physiological limits of the cerebral vascular mechanism in response to 
changes in carbon dioxide tension. , 


^ Courtesy of Merck and Company, Inc., Rahway, N. J. 



November jg4S 


CEREBRAL O2 AND CO2 TENSIONS 


193 

It is worthy of note that the paralyzing drug dihydro-beta-erythroidine hydro- 
bromide is without noticeable effect on the responsiveness of the cerebral circulation 
to variations in carbon dioxide tension. In fotn: animals of this group there was a 
tendency for the blood pressure to decrease to low levels during hyperventilation, but 
this was counteracted by the intermittent injection of adrenaline in amounts just 
sufficient to maintain the blood pressure in the normal range. In two hyperventi- 
lated animals the attempts to obtain sufficient blood from the sagittal sinus were 
unsuccessful, apparently as a result of extreme vasoconstriction and decreased blood 
flow. 



Fig. 1. Relation of the cerebral a-v oxygen difference to the arterial carbon dioxide 
tension. 


DISCUSSION 

Changes in the A-V oxygen difference induced by variations of carbon dioxide 
tension might be due to changes in either the cerebral blood flow or the cerebral oxi- 
dative rate, or to a combination of these factors. However, the available evidence 
indicates that changes in oxidative metabolism play only a minor role at most. Gibbs, 
Maxwell and Gibbs (3) found in the human being that increasing the carbon dioxide 
decreased the cerebral oxidations to some extent, but the effects of decreasing the 
carbon dioxide level were ambiguous. Schmidt (16) found that excess carbon dioxide 
decreased the apparent metabolism of the perfused dog’s head in three of four experi- 
ments, but a similar effect induced by adrenaline was attributed to constriction of 
vessels in extracranial tissues. Kety and Schmidt (7) found in human subjects that 
active (voluntary) hyperventilation increased the cerebral oxygen uptake by 15 per 
cent, while passive hyperventilation caused no change. On the other hand, Geiger 
and Magnes (6), using the perfused cat’s brain, found that increased carbon dioxide 
tension increased the oxygen consumption when the flow rate was originally low, the 
effect being secondary to an increase in blood flow. These findings appear to justify 
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the interpretation that the observed changes in tlie cerebral A-V oxygen difference 
resulting from alterations of carbon dioxide tension arc due in large part to changes 
in blood flow through the cortex. 

, , , . SUMilARV 

• Simultaneously drawn specimens of arterial and cerebral venous blood were 
obtained from morphinized dogs. Since the venous blood was obtained from the 
superior sagittal sinus it represents blood draining the cortex without admixture of 
significant amounts of extracranial blood. Tire specimens were analyzed and values 
calculated for carbon dioxide and oxygen tensions and for A-V difference in oxygen 
content. The effects on these variables of changes in the respiration or in the compo- 
sition of the respired air were observed. 

In the presence of adequate oxygen the cerebral A-V oxygen difference is a func- 
tion of the arterial carbon dioxide tension. The A-V difference is high when the 
carbon dioxide tension is low, and vice versa. The data support the view of Lennox, 
Gibbs and co-workers that the brain is protected from rapid alteration of its acid-base 
balance by compensating changes in the cerebral blood flow. 
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ACCELEEATORY EFFECTS ON RENAL FUNCTION^ 

■ H. SIL\TETTE AND S. W. BRITTON 

With the technical assistance of C . E. Arjientrout 
From the Physiological Laboratory, University of Virginia Medical School 

. CHARLOTTESVILI-E, VIRGINIA 

P HYSIOLOGICAL stresses to which the organism is subjected in aviation are 
frequently referred to low barometric pressures or acceleratory forces which 
may be involved. Renal changes in animals exposed to simulated high alti- 
tudes have been investigated by one of us (i) and other work from this Laboratory 
has suggested that the kidneys may be affected during or after tests on acceleration. 
The present experiments were designed to investigate possible renal changes in func- 
tion and structure resulting from exposure to various positive and negative accel- 
eratory forces. 


METHODS 

Adult male white rats of Wistar strain, were used throughout. Urine collection was made in 
small glass graduated cj'linders under individual metabolism cages and the chloride content ana- 
lyzed bj' the standard Volhard titration. Residual bladder urine was expressed by manual pressure 
and massage technique. 

The animals were subjected to acceleratory forces on a centrifuge of lo-feet radius (2). A 
special animal board which held 6 rats in the supine position was used; the strain on the body was 
partly borne by a soft leather band with two holes to accommodate the forefeet. Front and hind 
legs were extended and tied. In this position rats could be held wthout apparent discomfort for con- 
siderable periods of time if desired. During runs on the centrifuge the animals were covered by a 
cloth to protect against cooling by air draughts. Control tests showed that simply holding normal 
animals tied in the supine position for time periods similar to those of the experimental runs had no 
influence on fluid or chloride output. All injections were made intraperitoneally on the basis of body 
weight of the animal, with fluid (0.2% or 0.5% sodium chloride solution) warmed to body tempera- 
ture. 

The animal board was reversible and positive or negative g could be applied to the experimental 
group as a whole. A simultaneous paired control was run in each experimental group, all factors 
being duplicated except acceleration. 


RESULTS 

Positive g: urine secretion during acceleration. AU animals were given 7.5 cc. 
of 0.5 per cent NaCl/ioo-gm. body weight in order to furnish ample fluid for secre- 
tion. At the end of two hours the urinary bladders were emptied by gentle pressure 
massage and the animals then tied down on boards in groups as indicated. One 
group was centrifuged at 2 g for a period of 60 minutes, precaution being taken by 
suitable ligation (under novocaine) that urine was not voided during the exposure 

Received for publication October 7, 1948. 
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TaBI-E I. ACCFXERATION and RENAT. SECRETION. POSITIVE (+) C FORCE-S 

Group P 



! 

tnuKT. ovrrtrt 

KO. TESTS 

RXrcsIVtEI.TAL COifOmON 

cc. in 60 min. 

% of injected fluid 

10 

Control (no acccl.) 

1. 1 

Td 

00 

X 

II 

Acceleration 

0.2 

^'7 


Group IP 


■: • NO. TESTS 

r.XPESIMENTAl. condition 

tntnn: excsetior at eni> or j 

S-nt.attoiroK 

ExatenoN’ 

jhrs. 

Sbrs. 



CC, 

CC, 

CTI. 

6 

Control (no accel.) 

0.2 

0.6 

3-1 

S 

Acceleration 

0.6 

0.9 

i 3-8 

1 


Group UP 


SERIES 

1 

UQ, TESTS 

! 

r.xi>r.Bnfr.}.TAL coKDmon i 

1 

1 

i 


OTtKE EXCWrnOJl AT ENT) Of 




a hrs. 1 

3 hrs. 

4 hrs. 

Shrs. 

6 hrs. 

A 

12 

Control (no accel.) 


ceftoo gn. 
b.vt. 

1.9 

ccltootn. 

i.trt. 

2.6 

reliootm. 1 
i.vt. 

3.0 

ccltoogm. 

b.d. 

3-5 


12 

Acceleration (repeated) 

1.9 

2.4 

2.9 

3-1 1 

3-5 

B 

21 

Control (no acccl.) 

1 .0 

1.6 

2.1 

2.8 j 

3 -S 


1 

22 

Acceleration (contin.) 

1.4 

2.3 

3-0 

3-6 I 

4.3 


Group IV* 


SERIES 

KO. TESTS 1 

EXPERIilEKTAE COKOmON’ 

3-nOOR URINX 

otrmrr 

CSEOKEOES 

Concentration 

Total 3-br. 

excretion 




cclioo jrj. b.v.i. 

mice. 

fTir. 

A 

12 

Control (no accel.) 

2-3 

0-59 

1.4 


12 

Acceleration (repeated) 

3-0 

0.55 

1-7 

B 

28 

Control (no accel.) 

2,1 

1.16 

2-5 


28 

Acceleration (contin.) 

2.8 

0.89 

2-5 


* Animals given 7-5 cc. 0.5% NaCl/100 gm. b. wt.; 2 hr. later, experimental rats exposed to 


2 g for 60 min. 

® i 4 d/j 6 . fluid intake; exposure, 5 gfor 15 sec., 30 timesat i-min. intervals. ^ * j 

* Accel. (A), s g for 15 sec., 15 runs at i min. intervak, or (B) 2 g for 15 min., rats injec e 

with 5 cc. 0.5% NaCl/ioo gm. b. wt. , • . » 

* Accel., s g for 15 sec., (A) repeated 25 times at 1 min. intervals, or (B) 2 g or 15 mm., ra 
given 5 cc. 0.2% NaCl/ioo-gm. b. wt. 

period; the others were similarly tied down only to serve as non-accelerated controls. 
At the end of the 60-minute experimental period the rats were killed, the urinary 
bladders clamped off and removed and the contained fluid measured. From the 
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results shown in table 1 1 and figure i, it will be observed that during exposure to g 
forces urinary secretion is virtually stopped. 

Urine secretion after exposure to g. Rats which had been allowed free access to 
food and water were a) centrifuged for 15 minutes at 2 g, or b) given 30 runs at 5 for 
15 seconds at i-minute intervals; each group was then placed in metabolism cages. 
There was no significant difference between the urine output of grotip a rats and their 
controls, but in the b series there was a greater post-acceleratory renal output in the 
experimental animals at the end of three hours. During the succeeding two hours, 
accelerated and control animals both excreted about the same amount of urine. No 



Fig. I 

significant difference was noted, also, between the five-hour chloride output of the 
two groups (table i, II). 

Though the percentage increase in urine output of accelerated animals (5 g, 15 
sec., 30 runs) over the controls was high, the actual quantity of urine excreted was 
of a small order on an ad libitum water intake. A group of animals was therefore 
rendered diuretic by the injection of sodium chloride solutions immediately after 
exposure to g forces and before placing them in metabolism cages. 

Groups of animals were exposed 15 times to 5 g for 15 seconds at one-minute 
intervals, then injected intraperitoneally with 5 cc. of 0.5 per cent NaCl/ioo gm. 
body weight and placed in metabolism cages. Non-accelerated controls were simi- 
larly injected and the urine output was followed during the succeeding six hours. 
Other animals were subjected to 15 minutes’ acceleration at 2 g (fig. 2). Results are 
given in table i. III, A and B, Urinary secretion of the repeatedly accelerated ani- 
mals was considerably higher than that of the controls over several hours in the A 
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series, while in the B group post-acceleratory output was maintained at about 40 per 
cent higher over the sk-hour observation period. 



urine chlorides 

Fig. 3 


Animals subjected to either repeated acceleration (5 g, 15 sec. for 25 runs at i- 
min. intervals) or a continuous exposure period (2 g for 15 min.) were injected with 
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5 cc. of 0.2 per cent NaCl/ioo gm. body weight, placed immediately in metabolism 
cages and the urine collected and analyzed for chlorides at the end of three hours. 
Urine output was increased over the similarly injected controls and chloride con- 
centration diminished in both series (table i, IV and fig. 3). 

Effect of long periods of acceleratory exposure. Several groups of animals were 
exposed to various positive and negative g forces over periods of 8 to 24 days (daily 


Table 2. Renal and other changes eolloaving acceleratory exposure 


SERIES 

NO. 

1 RATS 

i 

nXFERIUENTAI. CONDITION 

1 B.WT. AT 
BEGINNING 

1 or 

1 EXPOSURE 

1 

B.wr. AT 
END OF 
EXPOSURE 

GAIN IN 
B.WT. 

WT.BOTH ! 
KIDNEyS 

KIDNEY 

wt/b.wt. 


j 

i 


1 

1 


% 

.pm. 


A 

5 

Control (no accel.) 

190 

249 

31 

2.02 

0.81 


6 

Acceleration (+2 g for 15 min.; 
17 days) 

178 

205 

16 

1.72 

0.84 

B 

6 

Control (no accel.) 

192 

212 

10.4 

1.63 

0.77 


6 

Acceleration (—4 g for 15 min.; 
17 days) 

x 87 

196 

4.8 

1.49 

0.76 

C 

3 

Acceleration (+6 g, 15 sec. 3 runs 
daily, 8 days) 

229 

237 

3-5 

1.70 

0.72 


3 

Acceleration (+6 g, 15 sec. 3 runs 
daily, 24 days) 

227 

254 

II . 8 

1 

1 

1-93 

0.76 


Table 3. Acceleration and kidney function: effect of piteessini 


SERIES 

PITRESSIN 

CONTROLS (no acceleration) | 

ACCELERATION (2 G, IS UIN.) 

3-hour urine 
output 

Urinary 

chlorides 

3-hour urine 
output 

Urinary 

chlorides 


meq. 

ccIlOO gm. h.v). 

mg/cc. \ 

cchoogm. b.w. 

mg/cc. 

I 

0 

2.1 

0.33 

2.7 

0.48 

2 

4 

1-3 

0.71 

2.1 

0.63 

3 

8 

I ,I 

2.54 

1.8 

1-52 

4 

16 

0.4 

2,62 

1.9 

1.64 

5 

32 

0 


0.8 

2.40 

6 

63 

0.4 

8.80 

0.4 

7. II 

7 

X25 

0.6 

II. 6 

0.7 

10.6 

8 

250 

1.4 

8.31 

1-5 

9.12 

9 

500 

1.8 

8.67 

I -7 

8.00 

10 

1000 



1-3 

9-32 


^ All animals given 5 cc. 0.2% NaCl/ioo-gm. b. wt. plus amount of pitressin noted; 6 or more 
tests in each series. 


tests, except week-ends). At the end of these periods the animals were killed and 
the kidneys removed, weighed and sectioned for histological analysis. During the 
experimental period, the exposed animals gained less weight than the controls, al- 
though the ratio of kidney to body weight was insignificantly higher (table 2, A, B, 
C). Tests for urinary albmnen at the end of the test periods were almost invariably 
positive in these cases. Histological examination revealed that the renal glomeruli 
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of the accelerated animals were ischemic and the proximal convoluted tubules showed 
cloudy swelling and contained casts. The loop of Henle w'as apparently unaffected. 

E^ccl of posl-piluitary extract on accelcratory polyuria. Groups of animals v/cre 
subjected to acceleratory forces of 2 g for 15 minutes, injected with 5 cc, of 0.2 per 
cent NaCl solution, containing various amounts of pitressin, and then placed in 
metabolism cages for a period of three hours. At the end of this period the urine 
was measured and its chloride concentration determined (table 3). 



MIULI EQUIVALENTS OF PITRESSIN 

Fig. 4 

Curves showing the effect of post-pituitary extract on the urine and chloride 
output of non-accelerated rats followed the usual pattern previously observed and 
described by one of us (3). With decreasing doses of pitressin, the urine output 
gradually rose while its chloride concentration fell. The most abrupt fall in chloride 
concentration was observed in earlier work on using a pitressin concentration of 
approximately 4 mu/ loo-gm. rat. In the present tests a similar sharp fall in chlo- 
ride concentration of the urine taken from accelerated rats paralleled closely (though 
it was somewhat below) that of control animals (fig. 4)- 

As the dose of pitressin was decreased (for convenience the dose was halved in 
each successive experiment), the curves of urine secretion of accelerated and control 
animals began to diverge on using approximately 60 mu. (fig. 4). At this point 
acceleratory polyuria ‘broke through’ post-pituitary inhibition of urine flow. It may 
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be noted that with this concentration of pitressin, urinary chlorides were still unaf- 
fected. Thus in both non-accelerated and accelerated animals the chloride-concen- 
trating power of the hormone was better maintained than its water-concentrating 
power. 

Negative g: urine secretion during acceleration. In these experiments the factors 
of technique time, fluid injection and metabolic period were the same as those pre- 
viously described tmder positive g, but the animals were exposed to —4 1' instead of 
-}-2 ^ for 60 minutes. The results were similar, i.e, during exposure to negative g 
(as well as positive g) urine secretion was almost completely suppressed (table 4, 1 ). 


Table 4. Acceleration and renal secretion, negatwe (— ) g forces 

Group N 




1 

i TmNE OUTPUT 

NO. TESTS 1 

1 

EXPERIiIEN"rAL CONDITION 

cc.in6oinin. 

% of injected fluid 

4 

Control (no accel.) 

1-5 

10. 0 

6 i 

1 

Acceleration 

0.2 

1.4 


Group II- 


NO. TESTS 

EXPERIMENTAL CONDITION 

3’HOXni URINE 
OUTPUT 

CHLORIDES 

Concentration 

Total 3-hr. 
excretion 



ce/ioo gm. b.U’t. 

mg/cc. 

mg. 

18 

Control (no accel.) 

2,2 


3-1 

18 

Acceleration 

3.1 


1.6 


1 Animals given 7.5 cc. 0.5% NaCl/ioo-gm. b. wt.; 2 hours later, experimental rats exposed to 
— 4^for6o min. 

- Accel., —4 g, 15 min.; animals given 5 cc. 0.2% NaCl/ioo-gm. b. wt. i.p. 


Urine secretion following negative acceleration. Rats which were exposed to — 4 g 
for 15 minutes, then injected with 5 cc. of 0.2 per cent NaCl/ioo-gm. body weight 
and placed in metabolism cages for three hours, excreted more urine and less chloride 
than their controls (table 4, II). The increase in pol3niria over the controls was 36 
per cent after exposure to negative g, 33 per cent after positive g — an insignificant 
difference, : Urinary chloride concentration was reduced 62 per cent from the con- 
trol level, following — 4 g, only 23 per cent after —2 g — a difference which appears 
to be significant. 

DISCUSSION 

Although the acceleratory exposures given in the present experiments were 
usually more severe than those experienced by man, they could not be considered 
critical for rats. No animal died from the acceleration and the general condition of 
animals following the tests was excellent, even when exposures were made daily over 
periods of a few weeks. Considered in relation to earlier results on the effects of 
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high altitude exposure on kidney function and renal pathology, tlic results of accclcra- 
tory exposures appear very interesting and significant. 

Rats exposed to low barometric pressure (25,000 ft. equiv. alt.) have been ob- 
served to suffer much greater polyuria than those subjected to high acceleratory 
forces; also, the pathological changes in the kidneys following repeated exposure to 
each condition were strikingly different. The kidneys of ‘high-altitude rats’ were 
greatly hypertrophied, the glomeruli were congested and slight tubular pathology 
was observed. In the case of the g-exposed rats, however, there was little or no gross 
renal hypertrophy, the glomeruli were characterized by almost complete absence of 
blood and tlie tubules by cloudy swelling, while the loop of Hcnle presented a normal 
appearance. 

It appears difficult to explain or correlate the pathological changes observ^ed after 
repeated exposure to acceleration with the changes in renal function as reported 
herein. However, the functional changes described would seem to be referable to 
both glomerular and tubular impairment consequent upon disturbances in renal cir- 
culation produced by high acceleratory forces, with resultant anoxia of the intimate 
renal tissues. 

Changes in kidney secretion observed following centrifugation, it should be con- 
sidered, may be due either to a) stimulation and enhanced secretion of the cortico- 
adrenal tissues or b) to central inhibition of post-pituitaiy function. The former 
factor a) is probably important in all cases of stress and may bring about a significant 
diuresis, while b) diminished secretion of the antidiuretic, chloruretic hormone would 
also tend to produce the copious, dilute urine observ-ed in our experiments. The 
acceleratory polyuria is readily inhibited or reversed by the injection of adequate 
doses of post-pituitary extract. This, however, does not necessarily implicate the 
pituitary gland in the reno-functional changes observ’ed. 

SUMiLVRY 

The effects of acceleratory forces on renal function and pathology have been 
studied in the rat. The various degrees of exposure used were not evidently dis- 
turbing to the animal, although rather severe by human standards. During e-x- 
posure to either positive or negative g forces, urinary secretion was suppressed. 
Following centrifugation the volume of urine excreted was increased above normal 
up to 40 per cent for five to six hours and its chloride concentration was reduced in 
comparison with non-accelerated controls. Acceleratory polymria was reversed or 
inhibited by posterior pituitary extract. After repeated daily exposure to accelera- 
tory forces over a period of about three weeks, albumin was present in the urine and 
significant pathological changes were found in the rat kidney. The effects are prob- 
ably referable to anoxia brought about by reno-circulatory disturbances under high 
acceleratory forces. Cortico-adrenal and post-pituitary functions may be involved. 

references 

1. Selvette, Herbert. Am. J. Physiol. 140: 374. i943- 

2. Britton, S, W-, E. L. Corey and G. A. Stewart, Am. J. Physiol. 146 : 33. i94'5.’ 

3. SiLVETXE, Herbert. Am. J. Physiol. 128: 747. i94o- 



ELECTROPHRENIC RESPIRATION. III. MECHANISM OF 
THE INHIBITION OF SPONTANEOUS RESPIRATION^ 


STANLEY J. SARNOFF, JAMES L. ^VHITTENBERGER and 
ESTHER HARDENBERGH 

From the Department of Physiology, Harvard School of Public Health 
BOSTON, MASSACETOSETTS 

I N PREVIOUS communications it was demonstrated that artificial respiration 
could be produced by electrical stimulation of one or both phrenic nerves, with a 
series of impulses the voltage of which rose and fell in such a way as to produce 
effective diaphragmatic contraction and relaxation (1-3). It was found that smooth 
respiratory activity could be so induced and that the technique was capable of 
maintainiug normal oxygen and carbon dioxide partial pressures in the arterial blood 
of the experimental animal and man in the absence of spontaneous respiration. The 
reserve of the technique was sufficient to permit hyperventilation and the production 
of alkalosis with stimulation of only one phrenic nerve. 

An interesting observation made during the original study was that spontaneous 
respiration ceased within seconds after the onset of electrical artificial respiration. 
This observation was deemed to be of potential clinical importance, because of the 
manner in which patients not infrequently interfere with other types of artificial 
respiration. This is particularly true in patients with bulbar poliomyelitis. This 
report presents an examination of the mechanism by which spontaneous respiration is 
inhibited when electrical artificial respiration is started in the experimental animal. 

METHODS 

Dogs of both sexes, weighing from ii to 14 kg. were studied. Nembutal anesthesia, 30 mg- 
to 40 mg/kg- of body weight, was used. Elettrophrenic respiration was applied by means of the 
apparatus previously described ( 2) . Respiratory movements were recorded by means of a corrugated 
rubber tube placed around the lower part of the rib cage. Changes of pressure in the tube were 
registered on a direct-writing galvanometer by means of the electromanometer® in use in this labor- 
atory. These pneumograms registered both diaphragmatic and intercostal activity but did not do 
so in a quantitative manner. 

The partial pressures of oxygen and carbon dioxide in arterial blood were determined accord- 
ing to the technique of Riley (4). All determinations were done in duplicate immediately after the 
blood sample was drawn. Minute volumes were obtained with a spirometer. Vagus section was 
performed low in the neck. 

The experiments described below were designed to yield data which might help 
answer five main questions: i. Is all spontaneous respiration inhibited immediately 
after the onset of electrophrenic respiration? 2. If electrophrenic respiration does 
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inhibit spontaneous respiration, is the suppression of chcmioil or neurogenic origin: 
3. If the inhibition is of a reflex nature, what is the afferent pathway over which the 
reflex travels? 4. After interruption of the afferent pathway, can spontaneous 
respiration still be inhibited by overvcntilation? 5. Is the reflex inhibition oi 
spontaneous respiration vigorous enough to inhibit spontaneous respiration in the 
presence of a strong chemical respiratory stimulus? 
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Fig. I. Pkeumocram of onset of ELECTRoriiRENic RESFiRATiON. Artificial respiration 
started at signal. AI.V. = niin. vol. before and during elcctrophrcnic respiration. Larger deflection 
during elcctrophrcnic respiration docs not indicate deeper respiration hut docs indicate stronger dia- 
phragmatic contraction. Downward deflection registers inspiration and the same is true for subse- 
quent figures. Paper speed is 2.4 mm/scc. 




Fig. 2. Sustained DiAPiiRAGiiATic CONTRACTXON; A, vagi intact; B, vagi cut. Sudden con- 
tinuous and sustained contraction of diaphragm was started at the first signal and discontinued at ^e 
second in both tracings. In tracing A, before the vagi were cut, all effective intercostal respiration 
was inhibited by keeping the diaphragm contracted. In tracing B, after vagotomy, the intercostal 
rhythm was not suppressed by the same degree of sustained diaphragmaric contraction. 


RESULTS 

I. Ifuviediatc inhibilion of spoutoncous Tespifction. Figure i is an example of 
the immediate cessation of spontaneous respiratory effort whicfi occurred in a dog 
immediately after the onset of electrophrenic respiration. The pneumogram pattern 
shows a machine-like regularity during electrophrenic respiration and contains no 
evidence of interference by spontaneous respiratory efforts. This cessation of 
spontaneous respiration occurred despite the fact that the respiratory rate was un- 
changed and the minute volume was lower than that observed before the onset of 
electrophrenic respiration. That spontaneous breathing is really inhibited, and not 



Novemier ig 48 


ELECTROPHRENIC RESPIRATION 


20 $ 


just masked by electrophrenic respiration, is borne out by the fact that, when normal 
or greater than normal minute volumes are maintained for only a fraction of a 
minute by the electrophrenic respirator, a brief period of apnea follows the cessation 
of stimulation. A similar observation was made in man (3). 

2. Neurogenic inhibilioji of breathing by sustained diaphragmatic contraction. In 
figure 2A can be seen the effect of continuous electrically sustained diaphragmatic 
contraction. No spontaneous respiratory effort was made until just before the 
stimulation stopped. During a period of similar diaphragmatic contraction per- 
formed a short while before the taking of the tracing in figure 2A, the arterial partial 
pressure of CO2 changed from 37 mm. Hg before stimulation to 41 mm. Hg 50 seconds 
after the application of the stimulus. Oxygen partial pressure changed from 84 to 60 
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Fig. 3. OvzRVENTiLATioN BY ELECTROPHRENIC RESPIRATION after Vagi have been cut. Electro- 
phrenic respiration started at the signal. M.V. = min. vol. before and after the onset of electro- 
phrenic respiration. Tracings are continuous. No further irregularities of the respiratory pattern 
occurred after the one seen in the middle of the lower tracing. 


mm. Hg. Despite this rise in CO2 and fall in O2, no spontaneous respiratory effort 
was made during this 50-second period. 

3. Afferent pathway of the inhibitory reflex. The tracing in figure 2B, taken 12 
minutes later, shows the result of the same procedure 7 minutes after section of both 
vagus nerves. It can be seen that spontaneous respiratory movements continued at 
the same rate throughout the period of stimulation. They are, however, of smaller 
amplitude than before stimulation, since the electrical splinting of the diaphragm 
confines respiratory activity to the intercostal muscles during the stimulus period. 

4. Efect of overventilation after vagotomy. In another experiment, with sectioned 
vagi, after setting the electrophrenic respirator for an appreciably higher respiratory 
rate and minute volume than the dog’s spontaneous rate and minute volume, elec- 
trophrenic respiration was started. Figure 3 shows the result. It can be seen that 
spontaneous respiration was not immediately inhibited and subsided only after a 
period of overventilation had occurred. 

5. Reflex inhibition of respiration during inhalation of CO2. A dog was made to 
breathe 7 per cent carbon dioxide in 93 per cent oxygen. The electrophrenic respi- 
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rator was set for a rapid deep respiration and started 12 minutes after the dog had 
begun breathing the above gas mLvture. Figure 4 shows the result. It can be seen 
that the respirator assumed immediate control and inhibited spontaneous respiration 
while a high level of carbon dio.xidc (71 mm. Hg) was present in tiie arterial blood. 
The presence of barbiturate anesthesia may have decreased the sensitivity of the 
respirator}’’ center to carbon dio.\ide. It cannot be doubted, however, that rcfle.’C 
suppression of spontaneous respiration was an important element, for, while still 
breathing 7 per cent CO2, after cutting the vagi, definite interference with the respi- 
rator’s control occurred, as is evident from figure 5. This interference -n-ith the 
respirator’s control persisted for the duration of the observation period (15 min.). 
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Fig. 4. EcF-CTROpirRENic RESPIICWIOK (luring administr.'ilion of 7% CO;. The above tratnng 
was token 12 min. after the < 3 og was made to breathe 7% CO* in 93% O*. During this period the 
arterial blood CO; partial pressure was 71 mm.Hg. Rapid, dccp,clectrophrcnic respiration was begun 
at the signal and assumed control of respiration. 



Fig. 5. Electrophrenvc rf.spiic\tiox during administration of 7% CO; before and after vagus 
section. The same preparation as in fig, 4. Dog still breathing 7% CO; in 93% O; and is still under 
the control of the clectrophrenic respirator at the beginning of the record. Left vagus cut at the first 
signal and right vagus cut at the second signal. Interference with the clectrophrenic control of 
respiration by spontaneous respiratory motions is apparent immediately after vagotomy. 

This experiment also confirmed the fact that the initial immediate suppression of 
respiration in the previous experiments (fig. i) was not due to the excessive elimina- 
tion of carbon dioxide. 


DISCUSSION 

The data presented demonstrate that spontaneous respiration ceases immediately 
after the onset of clectrophrenic respiration. In previous experiments on the dog, 
cat, rabbit and monkey, this phenomenon rvas also observed. That this inhibition 
has two components has been demonstrated above. The first of these is a reflex set 
up by diaphragmatic contraction. At least a portion of the reflex has its afferent 
pathway in the vagus nerves. For rvith intact vagi, a sustained diaphragmatic con- 
traction reflexly inhibits respiration even though the arterial oxygen falls and carbon 
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dioxide rises (fig. 2 A). After section of the vagi this phenomenon no longer occurs 
(fig. 2B). 

The second component in the inhibition of spontaneous respiration is the change 
in blood chemistry brought about by electrophrenic respiration, if the respiration thus 
induced is sufficient to overventilate the animal. That this component can also be 
effective in inhibiting respiration in the absence of the reflex component is demon- 
strated by figure 3. 

The potency of the reflex inhibition of spontaneous respiration by electrophrenic 
respiration can be deduced from those experiments in which, despite an extreme level 
of carbon dioxide present in the blood, spontaneous respiration did not occur while 
vigorous electrophrenic respiration was in effect (fig. 4). 

We have been vague concerning the precise location of the sense organs initiating 
the impulses that inliibit spontaneous respiration when electrophrenic respiration is 
applied. It is, of course, likely that the Hering-Breuer reflex, as it is customarily 
interpreted (5), plays a part in the reflex inhibition of respiration as described above. 
However, certain proprioceptive sense organs other than those which send impulses 
up the vagus nerve may prove significant and to ascribe the effect solely to stretching 
of the pulmonary parenchyma may be to overlook certain other significant contribut- 
ing afferents. The fact that forceful endotracheal insufflation does not cause a com- 
parable immediate reflex inhibition of respiration indicates that simple stretch of the 
pulmonary parenchyma is not the only factor involved in the reflex inhibition de- 
scribed in the above e.xperiments. Simple stretch of the pulmonary ligament has, 
under certain conditions, been found to inhibit inspiration and to initiate a forceful 
sustained expiratory effort. This matter is under investigation at the present time. 

SIJMM.^UY 

The inhibition of spontaneous respiration by electrophrenic respiration has two 
components. The first is neurogenic and the second chemical. The first, reflex in 
nature, consists, in part, of impulses that travel up the vagus nerve during the period 
of diaphragmatic contraction. This reflex disappears after sectioning the vagi. The 
reflex is immediate if the initial diaphragmatic contraction is adequate. In addition 
to the reflex inhibition, spontaneous respiration can be inhibited by providing electro- 
phrenically induced overventilation. The potency of the neurogenic inhibition has 
been demonstrated by the fact that it can inhibit spontaneous respiration in the 
presence of a vigorous diemical stimulus to respiration, namely a high carbon dioxide 
partial pressure in the arterial blood. 

The authors wish to express appreciation to Mrs. Harriet A. Kriete for the performance of 
blood gas analyses, and to ^Ir. Philip Waithe for his technical assistance in the experiments. 
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FLUID SHIFTS IN ANIMALS DURING PRESSURE BREATHING' 

CHESTER HYMAN ant) JOSEPH GOODMAN 
From the Dcparlmciil of Physiology, University of Southern California Medical School 

LOS ANGELES, CALIEORNIA 

T he use of high posilivc pressure respiration, combined with adequate coun- 
ter-pressurization presents a novel environment for man and animals. 
Much of the physiology of pressure breathing has recently been revdewed by 
Barach el al. (i). Work in our laboratory has been directed towards the specific 
problems of fluid dynamics during exposure to high positive pressure respiration. 
The first of these studies by Henryk ct ah (2) is concerned with the measurement of 
fluid loss in men under these conditions. We have made a parallel study of the cir- 
culatory effects of high pressure breathing with partial protection in cats. Interest 
was focused on the rale and amount of fluid loss as indicated by hemoconcentration, 
the extent of protein leakage from the circulation and the kinetics of disappearance 
of an injected dye. 

The methods developed for this study are applicable to use in quantitative 
investigations of vascular filtration. Unlike the venous occlusion technique, the 
pressures attainable are theoretically unlimited, since pressure breathing theoreti- 
cally increases both the venous and the arterial pressures. It is therefore possible 
to achieve any reasonable pressure level in the capillaries of the c.xposed limbs and 
thus provide extremely high filtration pressures. Since all four limbs (or any number 
of limbs) may be left unprotected, the area for filtration is considerably greater than 
in the case of occlusion of a single extremity and therefore significant fractions of the 
total circulating volume may be driven from the circulation. 

5IETHODS 

Cats -weighing between 2.4 and 4.7 kg. were used as experimental animals. 
They were intravenously anesthetized with pentobarbital (ca. 35 gm/kg. body wt.) 
and were given an equal maintenance dose subcutaneously. The animals were 
then prepared by exposure of the large blood vessels in the femoral region and the 
insertion of sub-dermal electrocardiogram leads. 

Protection was provided by counter-pressurization of the thoracic and abdominal 
areas with an air bladder and non-distensible vest. The bladder -was made of two 
thicknesses of vinylized nylon cloth, v/ith appropriate openings for all four limbs, 
and an opening along the mid-dorsal line. (See insert, fig. i). The stitched edges 
were made air-tight by sealing with rubber cement. Pressurizing gas was conducted 
into the bladder through an aluminum bushing, bolted and cemented into the ex- 
ternal layer only. The jacket design closely followed the same pattern, except that 
it was made of a single layer of ‘Berger’ cloth and was provided with a tongue and 

Received for publication September 27, 1948. 
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eyelets along the dorsal opening to provide an adjustable closure by lacing. In 
addition, suitable straps and buckles were sewed to the anterior end to give a better 
fit around the neck and as points of attachment for the hehnet. This system pro- 
vides protection for all of the bod)'- with the exception of the head and the four limbs. 
In the earlier studies tracheal cannulation was used and partial protection for the 
head was achieved by tight binding with elastic bandages. This technique was not 
entirely satisfactory, since it required surgical manipulations in the neck and there 
was no assurance that counter-pressurization of the head had been adequate. The 
system was therefore modified to include a lucite helmet, which was large enough 
to encase the entire head and which was sealed by means of a vinylized nylon 'skirt’ 
which could be slipped between the air-bladder and the vest at the neck (cf. fig. i). 



Fig. I. Details OF PRESSURE BREATHING HELMET and counter-pressurization sj'steni. Meth- 
od for makirig air tight joint between helmet and cat is shown in lower right. Insert: pattern, 
much reduced, for the counter-pressurization system. E, connection to expiratory system; I, con- 
nection to inspiratory system; M, connection to manometer. 

This system provided satisfactory counter-pressurization for the head and neck and 
in extreme trials showed no important leaks at pressures as high as 180 mm. Hg. 

The pressure breathing system consisted of two diaphragm-type pressure regu- 
lating valves, connected on their high pressure side to a source of compressed air or 
oxygen. The output of one regulator {R{ of fig. 2) was connected directly with a 
solenoid valve (F,-); the output of the other regulator (Re) was connected to the 
loading port of a modified Linde mask exhalation valve (L). The exhalation port 
of the Linde valve was connected to a second solenoid valve (F*). These electrically 
operated valves were then connected either to the tracheal cannula or to the pres- 
sure helmet. The protective counter-pressurization bladder was connected to the 
respiratory circuit at some point between the two solenoid valves. The tiruing and 
alternation of inspiration and expiration was achieved by alternately opening the 
two solenoid valves. A suitable telechron driven cam {S) operated a switching 
system to give a respiratory rate of 60 (or in later experiments 30) cycles/min., wth 
approximately two-thirds of each cycle in inspiration and one-third in expiration. 
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The arrangement of the several pressure and electrical circuits arc schematically 
represented in figure 2. 

General Procedure. Immediately after completing the preparation, a single 
control sample was taken from the femoral artery. Soon thereafter about 0.25 mg. 
of the dye T-1824/kg. body weight was injected into the femoral vein. At precisely 
measured inteiwals of about 15 to 30 minutes after the dye injection, further arterial 
blood samples were taken. Thirty to 70 minutes later the animal v/as disconnected 
from the pressure system and samples rvere taken during the subsequent 90 minutes. 



Fig. 2. ScsEMATic REPRESEKTATioN of the pressure breathing system. 

Analytical Techniques. Fluid shifts were determined from four sets of data; 
hematocrit, hemoglobin, plasma protein concentration and dilution of the injected 
dye. For each sample, one ml. of blood was taken into a s5Tinge containing 1.6 per 
cent sodium oxalate. The amounts of oxalate and of blood were determined gravi- 
metrically and were approximately in a ratio of 1:5. After thorough mixing, ca. 
0.8 cc. was delivered into a Wintrobe hematocrit tube. The remainder, 0.3 to 0.4 
cc., was utilized for hemoglobin determinations by the colorimetric acid hematin 
technique. The hematocrit values were determined directly by the method of 
Wintrobe (3). The supernatant plasma in the hematocrit tubes was removed by 
oipette. Exactly 0.2 ml. of this plasma was diluted with i.o ml. of 0.9 per cent 
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saline. The dye concentrate in this diluted plasma was then determined with a 
Beckman quartz spectrophotometer. Plasma protein concentrations were deter- 
mined by the falling drop method of Barbour and Hamilton (4) on another aliquot 
of the supernatant fluid in the hematocrit tube. All data were corrected for dilution 
of oxalate and saline. 


RESULTS AND DISCUSSION 

A total of 48 cats were used in this study. Of these, 7 animals were exposed to 
pressure breathing in the helmet described, while 37 experiments were performed 
with tracheal cannulation and the remaining animals served as controls for the 
sampling techniques. Of the 44 animals exposed to pressure breathing, 30 survived 
the entire experiment, including a post-experimental period of 30 to 60 minutes. 
The fatahties could usually be attributed to accidents or to some obvious fault in the 
technique. Since adequate data were not obtained in all cases, the number of ani- 
mals on which results are cited will be less than these totals. 

No significant differences were noted between the data obtained with the pres- 
sure helmet and those obtained in the experiments with tracheal cannulation, there- 
fore all of the results are treated together in table i. The percentage of fluid loss 
was calculated from the average prepressure breathing values and the highest values 
of hematocrit or hemoglobin obtained during the stress. The calculations were 
made on the assumption of a constant volume of circulating erythrocytes throughout 
the experiment. Plasma protein leakage was judged qualitatively from the relation- 
ship between the hematocrit shift and the plasma protein concentration shift during 
the same period. The ratio of initial hematocrit to initial plasma protein level is 
presented as a rough index of the condition of the animal at the beginning of the 
experiment. While a low hematocrit might result from over-hydration, a low 
hematocrit; plasma protein ratio would suggest a real anemia. The respiratory 
pressure given is the arithmetic mean of the inspiratory and expiratory pressures 
used. This value probably is somewhat smaller than the true value, since the 
duration of the inspiratory (high pressure) was in all cases greater than the expira- 
tory phase. The inspiratory pressures ranged from 22 to 120 mm. Hg, while expira- 
tory pressures were between 40 and 60 mm. Hg. 

In spite of the wide variation in the indmdual values, it will be noted that there 
is a tendency towards greater fluid loss in animals subjected to the higher pressures 
{Group B as compared vith Group A). The animals in Group C are aU characterized 
by a somewhat lower hematocrit '.protein ratio, and showed abnormally high fluid 
loss, with a consistent tendency for protein leakage. 

The kinetics of the fluid shifts may be judged from figures 3 and 4. In these 
figures the hematocrit, hemoglobin and plasma protein values are plotted as per- 
centage of the control values at the times of the several samples. Figure 3, repre- 
senting data on a cat with a high hematocrit: protein control ratio, shows a moderate 
fluid loss and negligible protein leakage. The data in figure 4 were obtained on a 
cat with a low ratio (representative of Group C) and show a marked fluid loss with 
a strong tendency for protein leakage. The curves representing the disappearance 
of dye from the circulation showed no important deviations from the control when 
properly corrected for the fluid shifts. 
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In general, our results indicate i) a fluid loss, the magnitude of v/hich is, at 
least in part, dependent on the mean pressure employed in the respiratory system; 


Table i. Fluid loss prom the circulatiox op cats dl'rinc pressure breatuiko 
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^ Fluid loss was calculated from the av. pre-experimental hematocrit or hemoglobin values and 
the highest value observed during pressure breathing. The peak hematocrit and hemoglobin 
values were usually obtained in the same blood sample. Alore than 3/4 of the fluid was lost in 20 
mins, after beginning pressure breathing. 

" Protein leakage was judged as described in the text. A + indicates marked leakage; it 
intermediate; and — indicates no leakage. 

^ The arithmetic mean of the inspiratory' and expiratory pressures imposed. 

■* Ratio of the control hematocrit and plasma protein levels. 

2) no consistent increase in protein leakage as a consequence of the pressure breathing 
per se; and 3) no fundanaental change in the dye-disappearance curves. These re- 
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suits are concordant with the theoretical predictions based on increased capillary 
hydrostatic pressure. They suggest that the simple distention of the smaller blood 
vessels evoked by the procedures used are not of sufficient magnitude to alter their 
normal impermeability to proteins. 



Eig. 3. Changes in hematocrit, hemoglobin and plasma protein values during an exposure to 
pressure breathing. Time in minutes, other values as percentage control. Animal which showed 
marked fluid loss and much protein leakage. 



30 60 90 120 150 180 210 240 

Fig. 4. Changes in hematocrit, hemoglobin and plasma protein values during an exposure 
to pressure breathing. Time in minutes, otlier values as percentage control. Animal with typi- 
cal fluid loss and no protein leakage. 

During pressure breathing, complete counter-pressurization would theoretically 
protect the subject against all the cardiovascular and mechanical disturbances which 
otherwise would result from the increased respiratory pressures. With limited 
counter-pressurization, however, there is opportunity for significant decrease in 
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effective circulating blood volume due to congestion, pooling and filtration of fluid 
in the unprotected areas of the body. These mechanisms for fluid loss arc merely 
extensions of the phenomena encountered with pressure breathing at lower levels 
where counter-pressurization is not employed. 

The findings in the present study confirm the observations of Henry, el al., 
made on man during conscious pressure breathing and extend them to anesthetized 
animals. Certain of the results, however, arc specific for the preparation used and 
should be considered here. 

The hematocrit; protein ratio may reflect the general state of the animal, or 
may more specifically measure the absolute anemia of the cals. In either event, 
the ratio ser\'es as an empirical index for predicting which animals will behave in an 
atypical fashion during pressure breathing. It is unlikely that the anemia itself is 
of sufficient magnitude to lead to an anemic anoxia with a consequent increase in 
capillary permeability. Henr}’’, Goodman and Meehan (5) have shown that ex- 
tremely low oxygen levels are required to produce changes in capillaiy permeability. 
These studies again demonstrate the rapidit}' with which fluid may be displaced 
from the circulation by purely hydrostatic factors. Shifts of more than 10 per cent 
of the total blood volume in less than 30 minutes of pressure breathing have fre- 
quently been observed. 


SUMilARY 

A method has been developed for e.xposing anesthetized animals to high positive 
pressure respiration, using a counter-pressurization system and a simple helmet. 
Animals exposed to pressure breathing show a rapid loss of fluid from the circulation 
which is roughly proportional to the mean respiratory pressure employed. Protein 
leakage was inconstantly observed in animals exposed to pressure breathing. 

We are pleased to acknowledge the technical assistance of D. Gordon, R. Frankel, t\. Klain 
and Martha Mill in these studies. Doctors J. P. Henrj' and D. R. Drury originally suggested the 
problem and cooperated with us throughout the study. 

These experiments were performed in laboratories generously provided by the Allan G. Hancock 
Foundation. 
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NATURE OF THE PRECORDIAL ELECTROCARDIOGRAM^ 

L. H, NAHUM AND H. E. HOFF^ 

Frovt the Laboratory of Physiology, Yale University School of Medicine 

NEW HAVEN, CON'TECTICDT 

and the Department of Physiology, McGill University 

MONTREAL, CANADA 

T he precordial electrocardiogram has assumed importance in clinical elec- 
trocardiography because in certain instances it shows changes not apparent 
in records from the limb leads, and on this ground alone it would be useful 
to have more complete information concerning its origin. In addition to the simple 
recognition of normal and abnormal complexes, the lead has been credited with a spe- 
cial significance in regard to electrocardiographic theory. The essential feature of its 
special significance lies in the assumption that unipolar precordial leads “are in reality 
semi-direct leads from the anterior ventricular surface, capable within certain limits 
of serving the same purposes as direct leads from the ventral wall of the exposed 
heart” (i, p. 27). 

Viewed in this light the lead becomes largely a reflection of physiological events transpiring 
within the myocardium lying directly beneath the exploring electrode, with lesser contributions from 
other regions made possible by the alterations they cause in the potential of the cavity, which are 
thereby transmitted to the exploring electrode. 

While therefore unique properties of a theoretical nature are invoked for precordial leads, in 
practice the records taken with such a lead are interpreted as representing the full sequence of exci- 
tation and recoverj’^ of all parts of the ventricle beneath the recording electrode. In picturing this 
chain of events, resort is had to the conventional dipole hypothesis. The upstroke of P. is taken to 
represent the outward passage of the wave of excitation from endocardium to epicardium directly 
beneath the chest electrode, producing, according to theorjq an electrical change which can be repre- 
sented by a dipole with the positive charge oriented toward the epicardium. The downstroke is 
inscribed when the full thickness of the ventricle under the electrode has become excited and local 
differences of potential between endocardium and epicardium disappear. Q-waves are said to appear 
when some part of the endocardial myocardium at a distance from the chest electrode is excited in 
advance of the region under the electrode. Such activity would produce a similar array of dipoles 
in that region, and, since normal excitation is considered to progress in all parts of the heart from 
endocardium to epicardium, the cavity of the ventricle would become negative, and this negativity, 
being transmitted to the chest electrode, would produce the downstroke of a Q-wave. In a like 
manner an S-wave would appear if an impulse were still traveling in an outward direction in any part 
of the ventricle after the impulse had already broken through to the surface underneath the chest 
electrode. 

The T-wave is supposed similarly to arise mainb’ from differences in the time of onset and rate 
of repolarization between endocardial and epicardial muscle layers lying beneath the exploring elec- 
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trade, although similar difTcrenccs in the rcpolarization of endocardial and cpicardial layers at distant 
points would also affect tlic T-wave because of the influence they would exert on the potential of the 
cavity. 

When this hypothesis is used to interpret complexes of unknoum origin, it becomes apparent 
immediately that two alternative explanations arc always possible for each portion of the ventricular 
complex. Thus a Q-wavc might represent the outw.ard travel of the excitation process at a point at 
a distance from the chest electrode or the inward travel of an impulse beneath the prccordial electrode. 
The R-wavc could represent the inward travel of a wave of excitation distant from the chest electrode, 
or an outward traveling wave beneath it. Alternative origins for the S-wavc arc also possible. It 
may be granted that some of these alternatives arc not likely to occur if one assumes a certain normal 
sequence of excitation, but thej' become as likely ns any of the otlicrs in cases of conduction defects 
and abnormal rhythms. 

The alternatives regarding the T-wave arc not however resolved by recourse to assumptions 
regarding the normal distribution of the cardiac impulse. To explain an upright I'- wave it is assumed 
eitlier that the cpicardium beneath the exploring electrode begins rcpolarization ahead of the sub- 
jacent endocardial lamellae, or that tJie endocardium at a distance begins its rcpolarization before the 
overlying cpicardium, and llicrc is no collateral evidence to indicate which if any of these Is the more 
likely. The localizing significance of RS-T segment deviations is equally unclear. It has been 
claimed that lesions damaging the endocardium beneath the prccordial electrode produce downward 
displacement of the RS-T segment, while it is known that similarly situated cpicardial lesions cause 
an upward deviation (2). Thus it would be impossible to determine from an upward displacement of 
the RS-T segment whetlicr the lesion is in the cpicardium directly beneath the electrode or in the 
endocardium at a distance. 

Some direct experimental evidence, bearing on these questions is already at hand (3). An 
R-wave could never be produced by stimulation of the endocardium underneath tlic chest electrode. 
Neither could Q- or S-waves be produced by stimulating endocardial areas of the heart at a distance 
from the electrode. Quite to the contraiy, R-waves could only be produced by stimulation of distant 
areas, and Q- and S-waves were only produced by stimulation of cither endocardium or cpicardium 
in the region of the chest electrode (3). 

A comparable study of the T-wave in which localized endocardial or cpicardial cooling or warm- 
ing was employed showed that it was not possible to differentiate between the effects of treatment of 
cpicardial and immediately subjacent endocardial layers of the myocardium (4). The only way to 
invert the T-wave was to delay rcpolarization of the muscle underneath the chest electrode whether 
endocardial or cpicardial, or to hasten repolarization of distant regions, whether endocardial or epi- 
cardial. Similarlj’ increase in amplitude of T could be produced only by hastening repolarization of 
cpicardial or underlying endocardial regions under the electrode or by delaying repolarization of 
distal regions be they endocardial or cpicardial (4). 

The implication of this evidence is that the precordial electrocardiogram arises from the inter- 
play of but tw’o opposing forces, one representing the excitation of the proximal region under the 
chest electrode and the other the excitation of certain regions distal to the chest electrode. Quite 
without regard to the pathway by which excitation arrives, activation of the proximal zone tends to 
produce a downward movement in the record, and depending on the sequence of events in the areas 
involved, produces respectively the downstrokes of Q, R and S. Excitation of distal areas is respon- 
sible for the upward movement in the record, whether toward the diastolic baseline as in Q and S, or 
away from it as in R. These functions are exclusive; downward movements can be produced only 
by ‘proximar excitation, upward movements only by ‘distal’ excitation. Stated in another way the 
evidence thus far produced supports the view that the precordiai electrocardiogram is derived from 
the interference between potentials resulting from excitation in the proximal zone which tend to move 
the beam downward and potentials derived from excitation of distal regions whose effect is to move 
the beam upward. 

The experiments reported here were devised to extend the observations outlined 
above, and to delimit in some detail the topographical extent of the distal and prox- 
imal zones as recorded in the several precordial leads in the dog’s heart. 
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METHODS 

Fifteen dogs were employed, anesthetized deeply with Nembutal or Dial. The 
heart was exposed by incision along the lower border of the left pectoral muscle and 



Fig. I. Dog, Sept, i, 1944. Dial anesthesia. Right apical precordial lead, i, CR; 2, CF;’^ 
CV. A. Control. B. Warming left base (distal zone). T wave becomes sharplj’^ inverted. C. 
Warming right apex (proximal zone). T wave sharply upright. 

removal of the sternal third of the fifth rib. Lungs were inflated fully, the chest wall 
was closed and spontaneous respiration reestablished before records were taken, ex- 
cept in experiments with warming or cooling, where a completely air-tight clostire 
could not be effected. CF, CR and CV leads were employed with the chest electrode 
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opposite the left apex on the left side of the chest and the right apex on the right side 
of the chest. A Sanborn Tribcam was employed at standard sensitivity. The en- 
tire external surface of the heart was explored to determine a) the influence on the 
S-T segment of localized application of o.i m KCl solution by means of squares of 
blotting paper soaked in the solution, h) the influence of local warming and cooling 



Fig. 2 . Dog, same as 6g. I. Right apical lead. /I. Control, i, CR; 2 , CF; 3, CV. B. Iso- 
tonic KCl applied to right base (distal zone) . S-T segment depressed in each lead. C. Isotonic KCl 
applied to right apex (proximal zone). S-T segment elevated. 

of the myocardium on the T-wave and c) the configuration of extrasystoles elicited 
from the regions of the heart studied in (a) and (&). 

RESULTS 

All three modes of investigation yielded comparable results: i) in each case an 
area could be mapped out under the chest electrode which, when warmed, damaged, 
or stimulated, produced characteristic ‘proximal’ electrocardiographic changes. 2) 
An area of considerably greater extent involving regions of the heart distant from 
the^chest electrode could be demarcated which gave rise to alterations of opposite 
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nature to the 'proximal’ changes; these can be called ‘distal’ effects. 3) Between 
these regions was found an intermediate zone which was largely silent or neutral. 




G NEUTRAl. 




Fig. 3. Dog, August 31, 1944. Dial anesthesia. Right apical lead. .< 4 . Extrasystoles in CR, 
CF, and CV leads elicited by threshold stimulation of a point in the anterior left base (distal zone). 
Initial beam movement is upward. B. Extrasystoles elicited by threshold stimulation of a point at 
the right apex at the septum (proximal zone). Initial beam movement is downward. C. Extra- 
systoles elicited by threshold stimulation points in the neutral zone of each lead. r. left lateral apex; 
2. right base; 3. posterior septum midway between base and apex. In each case a diphasic complex 
results. 


Localized warming of the myocardium under tlie chest electrode caused a pro- 
gressive elevation of the T-wave leading to the development of exaggerated positive 
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T-wavcs, These reached a maximum height after one or two minutes and there- 
after maintained that amplitude for as long as warming persisted. Warming distal 
regions produced, on the contrary, a progressive diminution in height of the T-wave 



left apex (proximal zone). T sharply upright. 

culminating in inversion. Similar treatment of intermediate areas was without 
influence on the T-wave. Cooling the proximal zones caused inversion of the T- 
wave while cooling the distal zone caused elevation of the T-wave (figs, i, 4). 
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The reversible damage caused by application of o.io m KCl solution to the prox- 
imal area under the chest electrode always evoked an upward displacement of the 
RS-T segment, while damage to distal areas was always followed by a depression 
of the RS-T segment. Intermediate silent areas again separated distal and proximal 
zones (figs. 2, 5). 



Fig. 5. Dog, same as fig. i. Left apical lead. A. Control, i, CR; 2, CF; 3, CV. B. Iso- 
tonic KCl applied to posterior base (distal zone). C. Isotonic KCl applied to left apex (proximal 
zone). S-T segment elevated in each lead. 

Extrasystoles elicited from proximal areas invariably exhibited only a simple 
QS configuration, while those arising in distal areas showed only an R-wave (figs. 
3,6). Intermediate zones gave rise to QRS patterns in which R became more prom- 
inent as the point of stimulation approached the distal zone, while S was augmented 
as the proximal zone was approached. 

With each position of the chest electrode, the proximal zone always included at 
least the apex of the ventricle corresponding to the side of the chest lead selected, 
while the distal zone always included some portions of the base of the heart. In 
other words, the chest leads always included an element of base-apex interference. 
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In general, the complexes were of greater amplitude and the extent of the proximal 
zone was less in the CR and CF leads than with CV leads. From the standpoint of 
sharpness of delimitation of the proximal area, therefore, leads CR and CF v/ere 


Fig. 6. Dog, August 31, 1944. Left apical lead. A. Extras3'Stoles by threshold stimulation 
of a point in the distal zone, i, CR; 2, CF; 3, CV. Initial movement of the beam upward. B. 
Extrasystoles elicited by threshold stimulations of a point in the proximal zone. Initial beam move- 
ment downward. C. Extrasystoles elicited by threshold stimulation of a point in the neutral zone. 
Multiphasic QRS. 

slightly superior to CV. In all leads studied the proximal and distal zones as mapped 
out by the extrasystole method could be defined more exactly than by the method of 
warming and cooling or local surface damage. Figures 7 and 8 summarize the data 
obtained in the various experiments for each lead. 
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f Fig. 7. SuiiMAii.Y of the proximal and distal zones of the dog heart when the lead is taken with 
the exploring electrode placed over the right apex; CR, CF, and CV leads. Above, ventral surface of 
the heart, apex down; below, dorsal surface of the heart, apex up. Fine shading, proximal zones; 
coarse shading, distal zones. 

CR CF CV 



Fig. S. SuiDiARY of proximal and distal zones of the dog heart when the lead is taken with 
exploring electrode over the left apex. Fine shading, proximal zones; coarse shading, distal zones. 
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DISCUSSION 

When these experiments are considered in the light of the failure to establish any 
differences in the contribution of cpicardial and immediately subjacent endocardial 
surfaces of the myocardium to the electrocardiogram, the conclusion appears justi- 
fied that each precordial electrocardiogram reflects the interplay of two forces arising 
from the excitation and recovery of specific proximal and distal zones of the heart 
with respect to the position of the chest electrode. 

The only force that can produce a downward movement in the QRS portion of 
the electrocardiogram is derived from excitation of the myocardium lying beneath and 
in close proximity to the chest electrode (the proximal zone). The direction from 
which tlic wave of excitation approaches makes no difference whatever, and in par- 
ticular it is a matter of indifference whether the endocardial or epicardial surface of 
the myocardium is the first to be excited. Onl}" excitation in the proximal zone can 
evoke a downward movement in the electrocardiogram, and by no means is it possi- 
ble to produce such a movement by initial activation of the distal zone. If the region 
underneath the chest electrode is the first of all parts of the heart to be fully excited, 
a Q-wave or QS complex is produced, while the prior activation of a distal area is 
responsible for the appearance of an R-wave. The downstrokes of R and of S are 
also the result of proximal excitation, while the upstrokes of Q, R, and S indicate 
distal excitation. Reference to figures 6 and 7 shows that the areas involved in the 
proximal as well as distal zones are large enough to encompass both early and late 
subdivisions, and these account for various combinations of Q, R and S. 

The T--wave is also formed from the summation of the electrical effects of re- 
covery in proximal and distal areas. An initial upward movement indicates be- 
ginning recovery in the proximal zone, and downward movement indicates beginning 
recovery in tlie distal region. An upright T-wave develops when tlie distal region 
recovers later than the proximal zone, while an inverted T-wave results when tlie 
proximal zone recovers later than tlie distal zone. 

The depression or elevation of the RS-T segment that develops with the estab- 
lishment of localized areas of injury fits into the same pattern. Surface injury in a 
proximal zone produces elevation of the S-T segment, while surface injury in the 
distal zone produces a depressed RS-T segment. Surface injury in the intermediate 
zone caused no deviation in the RS-T segment. 

The chest leads differ from the standard leads only in that the areas involved in 
the interference are unequal in size and are differently located, tending at times to 
have base-apex localization. The apex of tlie ventricle underneath the chest elec- 
trode' was always included in the proximal area, as was also the apex of the opposite 
ventricle in some instances. Less frequently the proximal zone extended in a narrow 
projection toward the base, either anteriorly or posteriorly. The proximal zone was 
also considerably smaller than the distal zone, although this feature was less marked 
when CV leads were employed. The distal zone in these apical leads always in- 
cluded portions of the base, especially the lateral portions as its most important ele- 
ments, and only infrequently were projections noted toward the apex of the ventricle 
opposite that under the recording electrode. 
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It is of course to be remembered that these experiments were carried out on the 
heart of the dog, and the particular topography of distal and proximal zones cannot 
be applied exactly to the human heart. A chest lead, taken from any point, will 
have its own particular zones of interference, depending upon the position of the 
electrode as well as the size and orientation of the heart. There seems no reason to 
doubt that the subdivision of the heart into two major interfering zones separated 
by a neutral area exists for the precordial lead of man as it does in the dog. There 
is furthermore no reason to believe that the proximal zone is proportionately any 
less extensive in man than in the dog. 


SUMMARY 

1. The precordial electrocardiogram represents the interference of opposing 
electrical forces developing with the excitation and recovery of specific regions which 
are proximal and distal with respect to the position of chest electrode. An inter- 
mediate zone rather large in extent separates the proximal and distal zones of each 
lead. Potentials derived from the excitation of this zone fail to be reflected in the 
precordial electrocardiogram. 

2. The downstrokes of Q, R, and S are caused by preponderance of excitation 
in proximal areas. The upstrokes of Q, R, and S are caused by preponderance of 
excitation in distal areas. 

3. The T-wave is similarly derived from differences in the time and rate of re- 
covery from excitation in distal and proximal zones. An upright T-wave indicates 
begiiming of repolarization in the proximal zone in advance of the distal region, while 
an inverted T indicates that regions in the distal zone begin to repolarize in advance 
of the proximal zone. The S-T segment is elevated when injury is present in the 
proximal zone, and depressed when injury occurs in the distal area. 

4. Injury to the large intermediate zone cannot be detected in the precordial 
electrocardiogram. The proximal and distal zones for three different leads (CR, CF 
and CV) were determined in the dog when the chest electrode was placed external 
to the left and right apex, 
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DETERMINATION OF CIRCULATING RED BLOOD CELL 
VOLUME WITH RADIOACTIVE PHOSPHORUS^ 
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D irect measurement of total circulating red blood cell volume has been 
accomplished most accuratel}’’ in man by an isotope dilution technic using 
red blood cells labelled with radioactive iron (i, 2). The method requires 
an available and previously prepared donor with labelled red cells and considerable 
technical skill in the handling of blood samples submitted for analysis. It is not a 
method that can be adapted easily to wide clinical e.xploitation. 

This report has two purposes: first, to present a method for measuring the total 
circulating red blood cell volume in man by an isotope dilution technic using radio- 
active phosphorus; and second, to discuss sources of error in the proposed metliod. 

The method is a modification of that proposed and used by Hahn and Hevesey (3), Anderson 
(4), and Brown et at. (5). It has many advantages, chiefly those of simplicity in the labelling of red 
blood cells and in the preparation of samples for counting. In all instances the blood of the subject 
to be studied has been used for labelling. 


METHOD 

Labelling of Red Blood Cells. Ten (10) ml. of blood was withdrawn under asep- 
tic precautions from the subject into a sterile heparinized sjnringe and transferred to 
a sterile centrifuge tube containing 50 microcuries of P-32 as phosphoric acid (H3PO4) 
in o.i to I ml. of autoclaved solution. This mixture was incubated at 37°C., in a 
water bath, for 2 hours with mild manual agitation every 20 minutes (approximately 
40% of the P-32 was taken up by red blood corpuscles during this period)-. 

The mixture was then centirfuged and the supernatant discarded. The cells 
were resuspended in 8 to 10 ml. saline, washed by gentle agitation, and the mixture 
was centrifuged and the supernatant discarded. The cells were finally resuspended 
in saline to a total volume of 10 ml. and thoroughly mixed. This was the final sus- 
pension of labelled red blood cells. It was used in part for injection into the sub- 

Received for publication September 27, 1948. 

’ Publication No. 8 from researches accomplished under a grant from the office of the Surgeon 
General, United States Army. Apreliminary account of this method was presented before the meet- 
ings of the American Physiological Society on Marcli 19, 1948, and was published in Fed. Proceedings 7 : 
85, 1948. 

* We have also used the procedure of ;\nderson (4) of bubbling 5% CO- and 95% 0 - through the 
blood sample. This increases the rate of uptake of P-32 by the cells and shortens the incubation 
period considerably. The results given in this and the subsequent papers have, however, been ob- 
tained by the procedure described above. 
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ject of study and in part to obtain a count of the radioactivity of the labelled red 
blood cells. 

Injection of Labelled Red Blood Cells and Sampling After Injection. An exactly 
measured quantity, usually 5 ml., of the final suspension of labelled red blood cells 
was taken up in a calibrated syringe. This was injected directly into an antecubital 
vein, care being taken to ensure complete delivery by aspiration and injection of blood 
to wash the syringe at least twice. After a lapse of 10 minutes, 4 to 6 ml. of blood 
were withdrawn from the opposite antecubital vein without a tourniquet into a 
heparinized syringe and transferred to a glass container. 

Handling of Blood Samples. Two sources of blood were utilized: a) From the 
final suspension of labelled red blood cells, as prepared for intravenous injection, 
I ml. was added to a volumetric 50-ml. flask and made up to a volume of 50 ml. with 
tap water. Duplicate dilutions were made. The cells were laked during this proc- 
ess. One ml. of each of these laked 1:50 dilutions of the final suspension of labelled 
cells was added to each of 2 sample dishes for counting, b) From the heparinized 
whole blood withdrawn from the subject after mixing of the injected labelled cells, 
two determinations were prepared: i) one ml. was added to each of two sample 
dishes, 2) a Wintrobe hematocrit tube was filled and centrifuged at 3000 r.p.m. 
(checked by tachometer) for 30 minutes. The radial distance from the axis of the 
centrifuge to the bottom of the tube was 20 cm. The observed red cell concentra- 
tion was reduced by 8.5 per cent to correct for the quantity of plasma retained among 
the cells (6). 

Assay of Radioactivity of Samples, a) Preparation of sample dishes. The sam- 
ple dishes were prepared from |-ounce ointment tins (bottoms only). Filter paper 
discs were prepared to fit exactly into the .tin. Rubber cement was spread in a thin 
layer on the tin and on one surface of the filter paper and allowed to dry for two to 
three minutes. The filter paper disc was cemented into the tin and allowed to dry at 
room temperature. 

b) Drying of samples. The blood samples to be counted were allowed to run 
onto the filter paper. This assured even distribution. The samples were then 
dried without boiling, which is important. Drying is done most expeditiously in an 
oven at 60° to 8o°C. 

c) Counting of samples. The counter tube was arranged in a brass box with 
a sample-holder that fit exactly the ointment tin and ensured a uniform geometry of 
sample and counter. Variations of surface geometry were minimized by even distri- 
bution of the added blood, but duplicate samples reduced the error from this source 
to a ±2 per cent. The counting was done with a thin glass walled, cylindrical beta 
counter. 

Calculations. The counts per second of duplicate samples were averaged. 
Counts per second of diluted samples were recalculated to counts/sec/ml. of injected 
suspension. It was assumed that the counts per second of whole blood, as deter- 
mined, represented the activity of the previously injected cells. The quantity of 
cells actually present in i ml. of the whole blood sample was determined as described 
above. The counts per second of a known quantity of cells were thus obtained. 
From this value, the counts per second of i ml. of cells was calculated. 
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• jThe tolal circulating volume of red blood cells was calculated from the following 
formula: 


mis. of. red blood cells 


Total counts/scc. injected 
Counts/scc./mi. of cells withdrawn* 


SOURCES OF ERROR 


' During the developmental experience with this method, a number of contro- 
versial issues and apparent sources of error were visualized. Certain of these prob- 
lems are considered below; 

Low 0/ P-J2 jrom Labelled Cells. The most likely source of serious error in the 
method is the possible loss of P-32 from the red cells to plasma and extravascular 
compartrhents, which would appear as excess dilution and give values for red cell 
volume that would be too high. Both in vitro and in vivo studies of such loss have 
been made. 

Labelled cells have been repeatedly washed with both normal saline and un- 
labelled plasma, aiid the increase in activity of the washing observed. This increase 
is variable, but averages about 10 per cent of the total initial activity of the centri- 
fuged cells. Most of the increase occurs within the first 10 minutes of the first wash- 
ing. In subsequent washings only a small increase, exponential with time and de- 
pendent upon the volume of solution is obseiwed. In large dilutions (i to 1000 for 
red cells to saline) this amounts to less than 3 per cent of the activity of the cells. 

There is reason to believe (6) that some plasma remains with tlie cells as a con- 
taminant after the separatory centrifugation, and amounts to 8 or 9 per cent of the 
red cell volume. Since the P-32 content of the plasma from which the labelled cells 
was separated varies from 80 to 150 per cent of the content of the cells, an activity 
of 6 to 12 per cent of the total activity of centrifuged cells plus contaminant \YouId 
be expected to appear in any washing solution which removed or diluted the con- 
taminating plasma. This amount of activity is not truly present in red cells at any 
time before injection into a subject and is largely, but not completely, removed by the 
single washing employed in routine applications of the method. All of the true 
loss of activity from cells to solution, corresponding to the second observation above, 
and the activity of the residual labelled plasma carried over after the single washmg 
is regarded as belonging to the cells of the suspension prepared for injection. 

The justification for this assumption appears in the results of two types of in 
vivo experiments. The first type of experiment was made possible through the use 
of large intravenous doses of P-32 for therapy. Here the loss of P-32 from the blood 
stream to the extravascular compartments and from plasma to red cells could be 
followed conveniently. 

The results are represented in figure i. The rate of loss from whole blood is 
shown to be approximately one-half the rate of loss from plasma. The difference 
between the loss from plasma and the loss from whole blood represents the transfer 
of active material from the plasma to the initially unlabelled red cells. There- 
fore, only half the P-32 in the plasma is assiimed to leave the plasma to go into the 
extravascular compartments. The other half of it goes into red cells. If, therefore, 
an injected sample of labelled red cells either carries some contaminated plasma 
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along — or loses P-32 to the plasma after injection — only one half of it will be. lost to 
extravascular compartments, the other half would return to more red cells. :,.The 
doss’ observed in previous experiments amounted to a maximum of 10 per cent; 
half of that we now concede lost to extravascular compartments; we are left with a 
5 per cent loss which agrees well with the loss observed in successive samples as der 
scribed below. Reeve and Veall (7) report a mean loss of about .6 per cent during 
the first hour after injection, but on occasion the loss appears to be negligible. 

In the second type of experiment, blood samples are taken at intervals after the 
injection of labelled cells and the activities compared. Over long ranges of time, 
from one hour to 48 hours, the disappearance of the labelled material is remarkably 



Fig. I 

constant from one subject to another, the average rate of loss being such that after 
the elapse of 24 hours, 47 ±2 per cent of the activity remains in the red cells. Ex- 
trapolation from the long-range (i to 24 hours) disappearahcb oirves gives a loss 
over the first 15 minutes of 2 per cent. The curve satisfies the relation, log ./It — 
log Ao = kt where A t and Ao are the activities at time I and 0 respectively, yfe is a con- 
stant, and t is elapsed time. This indicates that the time loss of activity is small 
and constant. 

However, when obser\’^ations are confined to intervals of 5, 10, 15 and 30 min- 
utes, no such smooth curve is observed and the apparent loss is much greater and 
variable as shown by the data in table i. Even here, the average loss is not greater 
than 5 per cent and the extreme cases are included in this small selection of the data’. 

These variations in apparent active phosphorus concentration in the first 30 
minutes after injection as compared with the smooth disappearance curve, that is 
obtained over longer intervals suggests that other factors than loss of P-32 are at 
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work immediately after injection of the labelled cells. Nevertheless, the data may 
be taken as indicating an average loss of 5 per cent of the injected label over the time 
required for the volume determination. 

Errors of Scif-ahsorplion and Geometry in Counting. Errors of self-absorption 
and geometry in counting were studied by making duplicate determinations of sam- 
ples made up to different dilutions ranging from i ; i to i : rooo. The standard error 
attributable to such sources was less than 2 per cent. Counts were made to an ac- 
curacy Ijettcr than i per cent. 


TabLK I. PkIICKNTAGE op OIUGINAT. ACTWITY (or riltST sample drawn) Rr.itAINt.VG 

AFTER VARIOUS INTKRVAIN 


rxp. NO. 

! 


%!INUTi:S AFITP- INJItCnON 



s 

10 

1 ’s i 

SO 1 

1 

30 

r 


too 

1 i 

. 1 

102 1 


2 

100 


i i 

102 j 


3 


200 

: 97 ! 

1 


4 

100 

g() 

j *9 i 



5 


100 

99 ; 

1 


6 

100 

97 

I 

1 

1 

1 


7 

100 

98 

97 1 



S 

100 

98 

1 

95 

j 

9 

too 

86 

i 

f 1 

77 


JO 


too 

i i 

i 96 

92 

II 


too 

1 1 

i 102 



Table 2. Results of duplicate determinations of red cell volume 


o- 2% 
2- 5% 
5 - 10 % 


DlSCRErAKCY 

NO, or CASES 


10 


8 


I 




Diiplicalc Determinations to Check Overall Consistency. A summary of the dis- 
crepancies observed between maximum and minimum values obtained in 19 sets of 
duplicate determinations of red cell volume is presented in table 2. 

OBSERVATIONS 

Measurements of total circulating red blood cell volume were made in a large 
number of healthy individuals and patients suffering from a variety of clinical dis- 
abilities. Some of these results are presented in the papers which follow. The re- 
sults are in close agreement with similar measurements made by us and by others with 
different technics. 

Clinical experience with the P-32 method has demonstrated its utility, par- 
ticularly under circumstances where repeated determinations are desired. The activ- 
ity of the tagged cells is of the safe tolerance dose and 75 per cent excretion occurs 
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in 48 hours. For repeated determinations, therefore, only a small correction need 
be made for the residual activity of the patient’s blood. This may be determined 
from the blood sample withdrawn for labelling. 

SUMMARY 

A method for the direct measurement of total circulating red blood cell volume 
by an isotope dilution technic using radioactive phosphorus has been presented. The 
red cells from the subject of study are utilized for labelling. Rapid uptake and slow 
release of radioactive phosphorus by exposed red cells facilitates wide experimental 
application. Ease of counting and the opportunity for repetitive measurement are 
other advantages. 

The assistance of Dr. Robert Hutcheson and Miss Shirley Lis Robertson is acknowledged 
gratefully. 
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C ONSIDERABLE controversy has arisen over discrepancies in the volume 
of circulating red blood cells in accordance with variations in the circum- 
stances or methods of measurement (1-4). In general, the total circulating 
red blood cell mass is smaller when measured directly (radioactive iron technic, 
carbon monoxide method) than when calculated from the plasma-dye-hematocrit 
obser\'ations (T-1S24 technic). We have made certain obscr\*ations upon this dis- 
crepancy as a consequence of concomitant measurement of the red cell mass with the 
P-32 technic described in the preceding paper and of plasma volume with the T-1S24 
method as described by Gregerson (5). 

Eighty sets of determinations were made upon 10 'norm.al' individuals and 35 patients hospi- 
talized for various reasons. Determinations were made under basal conditions. Individuals in 
usual health omitted breakfast and rested in the laboratorj* for one-half hour before the test was per- 
formed. Hospitalized patients were allowed to remain quietly in bed without breakfast. The 
standard procedure was to withdraw 10 cc. of blood from an antecubital vein without stasis and to 
inject through the same needle 5 cc. of red cells tagged with P-32 (as described in the preceding paper). 
The syringe was rinsed twice with blood and 5 cc. of T-1824 solution was injected and the syringe 
rinsed, twice again. After 10 minutes, 15 cc. of blood was withdrawn from the opposite antecubital 
vein and the sample divided for the determination of Oic red cell and plasma volumes. 

In assessing the validity of the red cell volume as estimated from the plasma-dye- 
hematocrit values, two points are crucial, i) The first relates to the accurac}'’ of the 
in vitro determination of the hematocrit in peripheral venous blood. The usual 
value given for the peripheral venous hematocrit ignores plasma trapped between 
sedimented red blood cells in spite of tlie recognized existence of this source of error. 
Reluctance to correct for this error stems from uncertainty as to the correction factor 
to be applied. Chapin and Ross (6) have determined this factor as 8.5 per cent. 
Using similar methods, we have corroborated this value as applicable to the hemato- 
crit determined by centrifuging in Wintrobe tubes at 3000 r.p.m. for 30 minutes. 
The distance from the axis of the centrifuge to the bottom of the tube is 20.0 cm. 
Correction on this basis has become standard practice in our laboratory. 

2) The second point relates to the identity of the vi- vitro measurement of the 

Received for publication September 27, 1948. 

^ Publication No. 9 from researches accomplished under a grant from the Ofnee of the Surgeon 
General, United States Army. 
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peripheral venous hematocrit with the ratio of cells to plasma in the entire vascular 
bed, the ‘body hematocrit’. Pertinent data on this issue can be obtained only by 
concomitant measurement of peripheral venous hematocrit, direct measurement of 
plasma volume and direct measurement of total red blood cell mass. 


RESULTS 


Typical results obtained by simultaneously measuring the blood volumes of 
healthy and sick individuals vdth P-32 and T-1824 are given in table i. The hema- 
tocrit values used in all of the calculations are the observed hematocrits corrected 
by the factor 0.915. 

Comparison of the red cell volumes as obtained by the plasma-dye-hematocrit 
and the P-32 methods show a ratio of 0.96 for the entire series of 26 cases. All of 
the 6 cases in the normal group and ten of the 12 cases in the male hospitalized group 
have values which agree to within 10 per cent. Eleven of these 18 cases agree to 
within 6 per cent. There is a marked discrepancy in only one case (no. 16), in which 
a biliary fistula was present. The group of female patients show a somewhat greater 
range than do the other two groups, and the values obtained by the P-32 method are 
generally lower than those calculated from the plasma-dye method. All of the values, 
however, agree to within 15 per cent with the exception of case 24, a gravely ill 
patient, where the discrepancy is large (23%). 

Ross et al. (7) have suggested the use of a second correction factor of 15 per cent 
to compensate for the error introduced by the unequal distribution of erythrocytes 
and plasma throughout the vascular system. They claim that the cell volumes of 
normal human subjects determined in this fashion compare very closely with the 
cell volume determined in the same subjects with the use of radioactive tagged cells. 
In table i, we have applied this correction to our data (RAT) X 0.85) and compared 


the values so obtained with those obtained by use of the P-32 method 


/ RVP 
VRVD X0.8: 


Except for 6 of the female patients who showed low P-32 values as compared to the 
T-1824 values, the correction introduces a discrepancy approximately equivalent to 
the correction factor. The reason for the difference in these female patients is not 
obvious. As a group they were more seriously ill than the male group. On the 
other hand, several of the male patients {cases 12 and 14) were also in critical con- 
dition at the time they were studied but showed good agreement in their P-32 and 
T-1824 values. The number of cases is obviously too small for critical evaluation. 

Of particular interest is the remarkably close agreement of the whole blood 
volumes as calculated from the plasma-dye-hematocrit values (TVD) and the sum 
of the plasma and the red cell volumes as determined directly by the T-1824 and 
P-32 methods (TBV). The latter value for whole blood volume is obviously the 
most accurate estimation since each component is measured directly and independ- 
ently. Twenty-four of the 26 sets of values agree to within 5 per cent of each other. 
The two cases in which larger errors were found are cases 16 and 24 which showed 
large discrepancies in their red cell and plasma volumes. In spite of these obviously 
aberrant values, the ratio for the entire group is 0.99. Comparison of the whole 
blood volumes as calculated from the P-32 data and the hematocrit values yields 
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an average ratio of 1.03. Only case 16 shows a discrepancy greater than 15 per cent 
and 23 cases show an agreement to within 10 per cent. 

Table 2 illustrates the results of a series of four determinations in a patient 
suffering from a severe infectious hepatitis whose metabolism was being studied in 
connection with various dietary procedures. Again the agreement in values over 
the 17-day period is excellent and within the errors of the methods. 

As previously indicated, a crucial point in the present study was the determina- 
tion of the magnitude of the discrepancy introduced into the blood volume determina- 
tion because of unequal distribution of red blood cells in the vascular system. This 
can be estimated by comparing the average body hematocrit with the observed 


Table 2. Patient 15 vt. 68.2 kg.; setoee infectious hepatitis 


DATE 

PLASMA 1 

VOLUME, ML. 

RED CELL VOLUilE, 
ML. 

TOTAL BLOOD VOLUME, ML. j 

ncT p.c. 

1948 

PVD 

1 

PVP 

RVP 


RVP 

RVb 

TBV 

TBD 

TBP 

TBV 

TVD 

TBV 

TVP 

PHC 

BH 

BH 

PHC 

April 27 


4180 

1810 

1700 

1.07 

5710 


599 ° 

1.02 

0-95 

30.2 

31-7 

1.04 

May 3 

4560 

4470' 

2240 

2290 

0.98 

6800 

6850 

6710 

0.99 

I.CI 

33-4 

33-0 

0.99 

May 8 

3830 

3720 

1980 

2040 

0.97 

5810 

5S70 

5710 

0.99 

1.02 

34-8 

34-0 

0.99 

May 14 

4100 

4455 

2145 

1970 

1.08 

6245 

6070 

6600 

1.03 

0.94 

32.5 

34-4 

1.06 


Table 3. P.atient d. comparison of samples from large vessels 


SOURCES or BLOOD 

xniE, 

MIN, 

HEMATOCRIT P.C. 

VOLUME P-32, 

ML. 

1 

VOLUME 1-1824, ML. 

Per. 

Body 

R. C. 



R. C. 

Plasma 

Total 

Antecubital V 

0 

30.2 








Left femoral A 

10 

30.2 

30.0 

1430 

3300 

4730 

1470 

3370 

4850 

Hepatic V 

12 

30.2 

30.0 

1670 

3855 

5525 

1700 

3900 


Superior V.C 

30 

30.2 

29-5 

1610 

3740 

5350 

1660 

3840 

5500 

Left subclavian 

35 

30.2 

32.7 

1610 

3715 

5325 

1440 

3300 

4740 


(corrected) venous hematocrit. Such a comparison appears in table i and indicates 
a remarkable close agreement between the two values. Thus the average ratio for 
the entire series is 0.98 and again in only two instances are tlie differences greater 
than 10 per cent. Half of the cases show differences of 4 per cent or less and can 
certainly be considered as being identical. 

Corroborative observations upon the identity of the corrected venous hemato- 
crit and the body hematocrit have been obtained from several sources. In experi- 
ments with venous catheterization and simultaneous P-32 and T-1824 measurements, 
the corrected hematocrit from femoral artery, hepatic vein, caval and auricular 
blood has been in essential agreement with the peripheral venous hematocrit and the 
body hematocrit. Typical findings are presented in table 3. Estimation of total 
protein and hemoglobin concentrations in a number of experiments further confirms 
the identity of samples taken from these sites. Observations in one patient at the 
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time of splenectomy for familial jaundice have permitted comparisons with blood 
from the splenic artery and vein as v/e!l. Blood samples drawn from one of the 
antecubital veins, the splenic arteiy' and the splenic vein gave hematocrit readings 
of 34.5, 34.7 and 34.5 per cent respectively. Red blood cell volumes calculated from 
these same samples gave values of 2000, 2178 and 2000 cc. respectively. 

DISCUSSION 

It must be apparent that correction of the value obtained for the peripheral 
venous hematocrit is the cardinal feature of this attempt to resolve the discrepancies 
between values obtained for red blood cell mass b}' direct and plasma-dye-heraatocrit 
methods of estimation. Regardless of variation in centrifugation technics, it is to 
be expected that some plasma will be trapped in the sedimented red cells. It has 
seemed more important to us to adopt a standard centrifugation technic which per- 
mits application of a constant correction factor. 

The uncorrected hematocrit gives a falsely high percentage of red blood cells 
which may be directly reflected in sense and magnitude in the calculation of red 
cell volumes from plasma-dye-hematocrit values. Similarl}'', any method of whole 
blood volume estimation which depends upon the peripheral venous hematocrit 
and a single direct measurement of either cells or plasma is open to error from this 
source. 

Matliematical analysis of the predictable error indicates that failure to correct 
the venous hematocrit when a value of 40 per cent is obtained in the plasma-dye- 
hematocrit method would estimate a red cell mass 14 per cent in excess. Calcula- 
tion of the whole blood volume would be too large by 5.3 per cent. In measurements 
of red cell volume by radioactive iron, the venous hematocrit is not used. However, 
estimation of whole blood volume by radioactive iron demands reference to the venous 
hematocrit and yields a value too small by 8.5 per cent. 

Failure to correct for the error of the hematocrit is unquestionably responsible 
for many of the discordant results reported in the literature. Thus, if one analyzes 
the first five cases of comparative values for the plasma-dye-hematocrit and radio- 
active iron measurements as given by Gibson and his co-workers (i) the dye method 
yields red cell volumes 15 per cent higher than the iron method. Inasmuch as there 
was no correction of the hematocrit a discrepancy of 14.8 per cent was predictable. 
The average diflterence in whole blood volumes was 16.7 per cent and the average 
hematocrit w’as 42.6. Furthermore, applications of the correction factor of 8.5 per 
cent to the average value of 42.44 per cent for the venous hematocrit in the 40 nor- 
mal males yields a value of 38,89 per cent. The average body hematocrit was 38.3 
per cent. Correction of the average value for 40 dogs yields a value of 41.8 per cent 
for the venous hematocrit. The average body hematocrit was 41.5 per cent. In 
the same maimer, correction of the peripheral venous hematocrit values in the 28 
cases given by Meneely el al. (2) yields an average of 35.96 per cent as compared to 
their average body hematocrit value of 34.9 per cent. Reeve (8) has also discussed 
this point in a recent review. 

On the other hand, those investigators who have used corrected hematocrits 
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have reported reasonably good agreement between the values determined from the 
red cell and plasma volumes respectively. Thus Root, et al. (3), who used a factor 
of 0.96 to correct the hematocrit values, reported that in 13 of 14 measurements on 
resting and working men and in 23 of 29 animal experiments the blood volumes 
determined by the CO method agreed to within =bio per cent with those obtained by 
the plasma-dye-hematocrit method. Likewise, in all of their 14 human experiments 
and 26 of the 29 animal experiments, the ratio of body to peripheral venous hemato- 
crit was between 0.90 and 1.08. 

Wdiile the correction of the peripheral venous hematocrit serv^es to reconcile 
many of the discrepancies reported in the literature with respect to the plasma- 
dye-hematocrit and the various red cell volume methods, it may not be adequate to 
explain differences under conditions where there are shifts of plasma or blood from 
one area to another. Since tliere is no proof that any of the available methods 
measure absolute blood volume, variations in vasomotor tone and blood flow may 
significantly influence the hematocrit ratios. Trapping and loss of plasma from the 
active circulation might be expected to occur after transfusion, hemorrhage and shock 
which would make for discrepancies in the peripheral and body hematocrits which 
could not be reconciled by merely correcting the peripheral hematocrit. 

The results of the present study do not disprove the claims that the cell to plasma 
ratio is less in the capillaries than in the large vessels. They merely indicate that the 
amount of blood present in the small vessels is not large enough for the unequal dis- 
tribution of red cells in these vessels to affect greatly the estimation of the blood vol- 
ume as calculated from the dye and hematocrit reading under the conditions which 
we have studied. Root el al. (3) arrived at similar conclusions from their comparison 
of the dye and the CO methods. 

Routine correction for trapping in the small vessels would seem to be unneces- 
sary and would introduce a definite error in the calculation of the blood volume. 
Our experience indicates that the plasma-dye method and the radioactive phosphorus 
methods measure circulating plasma and red cell volumes respectively with average 
discrepancies of less than 5 per cent and that whole blood volume can be calculated 
witli the same accuracy from either determination if the corrected hematocrit value 
is used. The random distribution of the data suggests that when large discrepancies 
are present, they may be due to errors in technic rather than to a fundamental and 
systematic error. 


STJMMARY 

Concomitant measurements of red cell mass and plasma volume have been made 
with the P-32 technic and the T-1824 method respectively in 10 ‘normal’ and 35 
hospitalized individuals. A standard correction factor of 0.915 was used to correct 
the hematocrit values for trapped plasma. Total blood volumes were calculated 
from the red cell volume and hematocrit and from the plasma volume and hemato- 
crit respectively. These values were compared with the total blood volume as cal- 
culated from the sum of the actually determined red cell and plasma volumes and 
showed satisfactory agreement. Comparison of the peripheral and body hematocrits 
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also showed good agreement. Tlie data suggest that the whole blood volume can be 
measured with an average discrepancy of less than 5 per cent by the plasma-dye- 
hematocrit method providing the corrected hematocrit value is used. 

Wc are grateful to Dr. Robert Hutcheson, Blanche Porter and Shirley Lis Robertson who 
assisted in the work. The cathcrization experiments were done by Dr. W. D. Davis, Jr. to whom we 
are indebted. 
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EFFECT OF THE ADMINISTRATION OF ADRENALIN ON 
THE CIRCULATING RED CELL VOLUME^ 
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AND W. V. TRAUTMAN, Jr. 

From the Departments of Physiology, Surgery and Medicine, Tulane University School of 
Medicine, and the Alton Ochsner Medical Foundation 

NEW ORLEANS, LOXHSIANA 

T here is now considerable evidence that in man there are no reserves of 
blood or blood cells which are subject to emergency mobilization (1-4). In 
spite of these observations, there has been considerable reluctance to aban- 
don the earlier concept of splenic reserve of red blood cells as set forth by Barcroft 
in his original work on animals (5). Textbooks in physiology still discuss this emer- 
gency function of the spleen (6) and the concept is emphasized frequently in clinical 
teaching. As a result of increasing experience with blood volume technics, particu- 
larly with the tagged-red cell volume method described in the preceding paper (7), 
it became of interest to repeat certain earlier studies and collect simultaneous deter- 
minations of pulse rate, plasma volume, red cell mass, whole blood volume, plasma 
protein concentration, peripheral hematocrit, hemoglobin concentrations and body 
hematocrit after the subcutaneous injection of i mg. of adrenalin. It seemed espe- 
cially pertinent to a final decision about the existence of reserves of red cells to com- 
pare the peripheral venous hematocrit with the body hematocrit before and after 
the adrenalin response. The term ‘body hematocrit’ is used to express the ratio of 
plasma volume to red cell mass as measured directly. 

We have studied the changes induced by the subcutaneous injection of i mg. 
of adrenalin in 5 subjects. Three of these were healthy adults (2 males and i female) 
and 2 (i male and i female) were hospitalized patients suffering from rheumatoid 
arthritis and hemolytic anemia respectively. One normal male, who expected an 
injection of adrenalin, was given an injection of i cc. of normal saline. All observa- 
tions were made under basal conditions. 

Simultaneous plasma and red cell volumes were determined with T-1824 (8) 
and P-32 (7) respectively and the total blood volume and body hematocrits calcu- 
lated from these values. The peripheral {in vitro) hematocrit was determined by 
centrifuging blood samples for 30 minutes at 3000 r.p.m. in Wintrobe tubes. The 
distance from the axis of the centrifuge to the bottom of the tube was 20 cm. Hemo- 
globin was estimated as oxyhemoglobin and the falling drop method, checked by 
Kjehldahl determinations, was used for protein determinations. After control 
levels had been established, i mg. of adrenalin was injected subcutaneously and blood 
samples were obtained at approximately five-minute intervals for 30 minutes. 

Received for publication September 27, 1948. 

1 Publication No. 10 from researches accomplished under a grant from the Office of the Surgeon 
General, United States Army. 
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The results are given in figure i. A satisfactory Adrenalin response’ was ob- 
tained in every case (including the patient who received the injection of saline) as 
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Fig. I. ErrECTS of subcutaneous administration of i mg. adrenalin. The values plotted 
ate the percent changes from the average control (pre-injection) level's ’ = T.B.C. 

arthritis; hemolytic anemia; norroal-i mg. saline injected instead of ad- 
renalin; — X — X — X— = normal male; normal male; — O — = normal female. 





attested by the rise in pulse rate and the subjective reactions of the subjects. The 
red cell, plasma and total blood volumes and the body hematocrit showed minor 
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changes which are within the error of the methods. The protein concentration and 
peripheral hematocrit showed a tendency to rise, but the hemoglobin concentration 
showed no definite trend. None of the changes, except for those in the pulse rate, 
were significantly greater than the changes observed in these functions during the 
control period before the administration of adrenalin. 

Our results thus confirm and extend those of previous workers who failed to 
find any evidences of mobilization of red blood cells after the injection of adrenalin. 
The relatively consistent finding of increased peripheral hematocrit and protein con- 
centration has suggested that the injection of adrenalin results in hemoconcentra- 
tion. Kaltreider et al. (2) measured the plasma volume after adrenalin with T-1824 
and reported a slight decrease in plasma volume in 8 of their 10 subjects. These 
changes were less than 8 per cent in all except one case. Our results fail to provide 
evidence for hemoconcentration, since, as mentioned above, the changes in plasma 
volume are random and within the errors of the method. 

Ross and Chapin (3) have suggested that the increase in peripheral hematocrit 
is due to a redistribution of circulating cells and plasma within the vascular system. 
Such redistribution should manifest itself as a difference in the peripheral and body 
hematocrit (9). If redistribution does occmr, the magnitude is such that it cannot be 
demonstrated because of the relative insensitivity of the methods in our experi- 
ments. 


STOUMARY 

The subcutaneous injection of adrenalin in an amount sufficient to evoke a good 
clinical response does not result in any uniform or significant changes in the plasma 
or red cell volumes as directly measured by the T-1824 and P-32 technics. If sym- 
pathetic stimulation or adrenalin influence these functions, the effect must be very 
slight and of no real significance as an emergency response. 
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EFFECT OF STEROIDS ON THE BODY TOIGHT, TEMPOR.-U. 
MUSCLE AND ORGANS OF THE GUINEA PIG'-^- 


CHARLES D. KOCHARIAN, JANE H/VRRISON HUMM* a*vd MARY N. BARTLETT 

From the Department oj Physiology and Vital Economics, University of Rochester School of 

Medicine and Dentistry 

ROaiESTEIJ, N*E\V YORK 

T he preliminaty report by Papanicalaou and Falk (i), that testosterone 
propionate increases the muscle mass of the female and the castrated male 
guinea pig, provided direct evidence that the protein-anabolic activity of 
androgens (2) was not directed entirely to the regeneration and maintenance of the 
accessory sex organs and other internal organs. It seemed advisable, therefore, to 
confirm (3) the myotrophic property of this androgen and to determine whether 
there might be steroids with a greater myotrophic than androgenic effect comparable 
to the renotrophic-androgenic effect observed in castrated mice (4-6). 

METHODS 

Animals. Immature, male, short-haired English albino guinea pigs were purchased from the 
Rockland farms. They were placed in individual metal screen cages (Nonnch), fed ad libitum the 
Rockland guinea pig diet fortified with vitamin C and in addition a 1 2.5 mg. tablet of the vitamin was 
given by mouth each week. When the animals attained a body weight of approximately 250 gm., 
they were castrated in groups of 10 to 20 and treatment was begun 35 days later. At least one nor- 
mal animal was included in the first five groups. 

All of the steroids were studied for a 30-day period. In addition testosterone propionate as 
pellets was studied for 90 days, and for 14 days by injection at a dosage of 12.5 mg/day. Finally, 
one group of guinea pigs was castrated at approximately 600-gm. body weight, immediately im- 
planted with testosterone pellets and compared with their normal controls 30 days later. Body 
weights were determined at approximately five-day intervals and on the day before and at autopsy. 

Steroids.* The pellets of the various steroids were prepared as previously described (4). They 
weighed approximately 14 mg. each and were implanted subcutaneously by means of a trocar. The 
number of pellets implanted was determined on the basis of previous studies (3) and a series of pre- 
liminary experiments (7). The testosterone propionate' used for injections was provided in sesame 
oil at 25 mg/ml. 

Autopsy. The guinea pigs were fasted 24 hours prior to autopsy when they were anesthetized 
by an intraperitoneal injection of dial-urethane' (usually 1.5 rol/kg. body wt.) and bled to death by 
cutting the blood vessels of the neck. The organs and temporal muscles were removed and weighed 
on a suitable Roller-Smith torsion balance. 

A uniform portion of the ocular muscle was included with the temporal musdes because of its 
intimate attachment. The moisture content was determined by diydng the musde in an electnc 
oven at 95 to ios°C. The non-protein nitrogen was determined on the trichloracetic add filtrate of 
fresh muscle. Total nitrogen was determined on aliquots of the add hydrolysate of the dried muscles. 
The nitrogen determinations were carried out by the micro-Kjeldahl technic. 

Received for publication July 19, 1948. 

' This investigation was supported by the Josiah Macy Jr. Foundation, 

* Parts of these data have been reported in the Josiah Macy Jr. Foundation Conferences on the 
Metabolic Aspects of Convalescence, 16th meeting, New York, 1947. 

® Part of these data was taken from the M.S. thesis of Jane Harrison Humm. 

' The steroids and dial-urethane were provided by Ciba Pharmaceutical Products, Inc. 
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RESULTS 

Thirty-day Experiments 

Body 'weight. The castrated guinea pigs did not gain as much weight as the 
normal animals (table i). Implantation of pellets of the various steroids restored 
the body weight toward normal, but when a maximum response was attained further 
increase in dose either had no further effect or was less effective. 


Table i. Effect of steroids on body iveight, kidneys and adrenals of 

CASTRATED GUINEA PIGS^ 



NO. OP 

G. PIGS 

STEROID 

BODY WEIGHT 

KIDNEYS 

ADRENALS 

Pellets 

Absorbed 

Initial 

Change 

Castrate 

Normals 

IS 

1 ^ 

No. 

ins/30 

days 

sm. 

460 

507 

em., % 

(140) 

47 

sm., % 

(4.100) 

— 2 

Etn.,% 

(0.244) 

+ 13 

Androstanol-i ya , one-3 

5 

I 

1.9 

467 

41 




6 

3 

5-0 

464 

38 

10 

— 22 


5 

i 

6 

1 

9.1 

449 

30 

2 

— II 

1 7-MethyIandrostanoI- 

5 

I 

i-S 

mm 

-13 

-6 


1 70:, one-3 

5 

3 

4.4 

Km 

39 

6 

-14 

Testosterone propionate 

S 

I 

■B 

H 

1 

5 ! 



1 

6 

2 

n 


52 

2 

0 

Testosterone 

5 

I 

7-4 

446 

51 

-I 

7 


S 

3 

18.9 

458 

45 

2 

13 


5 

5 

32-2 

448 

35 

16 


1 7-Methyltestosterone 

5 

1 

6.8 

478 

36 

5 

3 


5 

3 

17.7 

446 

44 

8 

II 


s 1 

1 

5 

28.3 

451 

39 

6 


Androstanediol-3a, 170: 

5 

3 

5.8 

n 

19 

— 2 

S 


4 

12 

14.5 


43 



1 7-Methylandrostanediol- 

5 

I 

1.9 

mi 

-13 

-9 


30:, 17a 

5 

6 

9-5 


33 

2 

— 16 


1 Average values of the control guinea pigs are given in parentheses. The differences are from 
these values. 


Kidneys and adrenals. There was no significant change in the size of these 
organs either as a result of castration or the implantation of the various steroids as 
pellets (table i). 

Myotrophic effects. Castration decreased the weight of the temporal muscles 
to less than one-third that of the normal animals. All of the steroids increased the 
weight of the temporal muscle of the castrated guinea pig, but in no instance was 
there a restoration to the normal size (fig. i). Indeed the greatest increase was only 
about one-half that of the normal animals. 
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The myolrophic property was different for each steroid. Androstanol-i ya, one-3 
proved to be the most potent compound. Testosterone and testosterone propionate 
had the same effect and androstancdiol-3a,i7a was very ineffective at a low dose 
level but on increasing the dose became very effective. The 17-methyl derivatives 
especially methyl testosterone were less effective than their parent steroids. 




Androgenic ejjecls. There was a definite stimulation of the seminal vesicles 
and prostates of the castrated guinea pigs by all of the steroids (fig. 2). At the 
higher dose levels they produced accessory sex organs only slightly smaller than 
those of the normal guinea pigs. The order of androgenic potency of the steroids 
was different from their myotrophic effects. Testosterone and testosterone pro- 
pionate were the most potent. The 17-methylated compounds were again less 
effective than their parent steroids. 

Myotrophic: androgenic ratio. The relative myotrophic-androgenic property 
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of the various steroids is illustrated by dividing the increase in temporal muscle mass 
by that of the seminal vesicles and prostates (fig. 3). The normal guinea pigs have 
a ratio of 0.3 ii and all of the steroids, except the diols and 17-methylandrostanol- 
i7a,one-3, have lower ratios. As the dose of steroid exhibiting the high ratios is 
increased, there is a much greater increase in androgenic than myotrophic effect 
resulting in a rapid decrease of the ratio. The decrease, however, is not sufficient 
to lower the ratio below that of the other steroids at comparable dose levels. The 
steroids with the low ratios, however, progress towards the normal with further 
ncrease in dose. 


Fig. 3. Effect of dose on^the 
myotrophic-androgenic ratio. 



Ninety-day experiments. The extension of the time of stimulation by testos- 
terone propionate pellets to 90 days indicates that the seminal vesicles and prostates 
have been nearly returned to normal (fig. 4). Indeed the nature of the growth 
curve suggests that a further 30 days of treatment would have completely restored 
the size of these organs. The temporal muscles, on the other hand, are still very 
much smaller than those of the normal guinea pig and it would require an indefinite 
period of stimulation at the dose employed to accomplish complete restoration. 
The myotrophic and androgenic ratio was 0.323 for the normal guinea pigs and 0.167 
for the androgen treated animals. 

Injection of a large dose of testosterone propionate. The subcutaneous injection 
of 12.5 mg/day of testosterone propionate produced effects similar to those seen 
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by the subcutaneous implantation of pellets (table 2). This large dose of androgen 
was unable to restore the temporal muscle or the accessory sex organs to normal. 



Table 2. ErrEcr or injection or a large dose or testosteront; propionate (t.p.) 

ON CASTRATED MALE GUINEA PIGS 



KO. or ! 
c. ncs j 

1 1 ^ 
BODV WT. j tektosal etm. VZS. ! 

_ itVSCLTl 4 - PSOS. i 

i 

m/a j 

KID^aVS 

j Jmtial 

Cbange i <“> | | 

Control 

5 

I 

j 575 

f ■; ; 

(S 6 ) ; ( 0 . 640 ) 1 ( 0 . 384 ) 

1 ' 


4.280 


T.P. 1 2.5 mg/day j 5 

i 579 j +39 j +50 1 +462 

0.180 1 

i 

' 0 


Table 3. Maintenance of the temporal muscle of castrated 

GUINEA PIGS BY TESTOSTERONE 



! XO. OP 
j PICS 

i 

PELIiTS 

AB* i 
SORBED I 

» 

1 BODE wacnT 

’ TElirORAE 

1 SEM. Vts. 

1 and rsos. 

KID.VEY 



Initial 

1 Gaia 

. Muscu: 

? 

1 

1 

Normals 

4 

1 

mc/jo 

days 

tn. 

j 602 

1 (1=0) 

j im... 'Tc 

1 (1.900) 

rrt; 7 n 

(3-Sm) 

1 

(4.800) 

Testosterone' 

4 

3 

1 i 

21.3 . 

604 

! -r 

! 0 

+43 

0 

Testosterone 

1 2 

^ 1 

j 33-3 I 

' 580 

' -^50 1 

1 

”5 

J 

+74 

+s 


* Pellets implanted at time of castration. 


Indeed the myotrophic and androgenic effects v^ere equivalent to that observed 
after the absorption from a pellet of o.i mg/day for 30 days (table i). 

Maintenance of temporal muscles and accessory sex organs. Since it was so 
difficult in the preceding experiments to restore the size of the temporal muscle 
to normal size, it seemed important to determine whether these could be maintained 
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at the normal level. Therefore, a group of guinea pigs were castrated 35 days after 
the usual time and at the same time were implanted with pellets of testosterone. At 
autopsy 30 days later (table 3) the temporal muscles had been perfectly maintained 
at a dose of 0.7 mg/day. At the higher dose level of i.i mg/day there was no 


Table 4. Composition of the temporal huscxes of guinea pigs treated 

WITH various androgens 



KO. or G. 
ncs 

STEROID 

ABSORBED 

TESIPORAI. 

MUSCLE 

WATER 

PROTEIN 

(Nx 6 . 25 ) 

REST 



tng/30 days 

mg- 

% 

% 

% 

Normal 

6 


1746 

77-5 

19.05 

3-45 

Control 

6 


547 

76.1 

17-95 

5-95 

Testosterone 

S 

7-4 

931 

76.5 

18.95 

4-55 

Testosterone 

s 

18.9 

1044 

76.6 

19.50 

3-90 

Testosterone propionate 

6 

7-5 

9 SS 

76.3 

18.85 

4-85 

1 7-Methyl testosterone 

S 

6.8 

836 

75-8 

19.00 

5-20 

1 7-Methyl testosterone 

5 

17.7 

935 

76.3 

19.00 

4.70 

Androstanol-i7a, one-3 

6 

5-0 

1017 

76.6 

18.90 

4-50 

1 7-Methylandrostanol-i 7a , one-3 

5 

4.4 

963 

76.2 

18.45 

5-35 

Androstanediol-30! ,ija 

5 

s-s 

757 

76.2 

18.27 

5-53 

17 Methylandrostanediol-3a,i7a 

5 

9-5 

877 

76.1 

19-15 

4.75 


T.P. injected at 12.5 mgidayfor 14 days 


Control 

! 4 

i 640 

75-7 

18.20 

6.10 

Testosterone propionate 

4 

1 

j 960 

75-7 

18.57 

5-73 



BOO 1600 £400 

greater stimulation. The accessory sex. organs, on the other hand, were greatly 
increased at the lower dose and further stimulated at the higher dose. The kidneys 
showed no significant changes. The increase in body weight was unaffected at the 
lower dose but definitely enhanced at the higher dose. 
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Composition of the temporal muscles. There is a slight decrease iu both per- 
centage of total water and total protein (nitrogen X 6.25) of the temporal muscles 
as a result of castration. The protein but not the water content is restored toward 
the normal level by the steroids (table 4). 

In one series of experiments the nitrogen not prccipitable by trichloracetic acid 
(N.P.N.) was determined. Castration decreased the percentage of this mixture of 
nitrogen containing substances but testosterone propionate restored them towards 
normal (fig. 5). 

DISCUSSION 

It is noteworthy that as in the case of the rcnotrophic and androgenic eflccts 
in mice (4-6) none of the steroids was able to simulate the normal myotrophic and 
androgenic status of the normal guinea pig. It seems, therefore, that neither testos- 
terone, in spite of its isolation from bulls’ (8) and horses’ (9) testes, nor any other 
of the steroids are ‘the hormone’ of the guinea pig or mouse testes. Therefore, if a 
single substance is primarily responsible for the development and maintenance of 


I'ig. 6. Steiuc cosneuRA- 
TiOK of the i7-hydro.xj4 group has 
been indicated according to tlic 
recent revision {14); tlie designa- 
tions of otand/ 3 , however, have been 
maintained since these were intro- 
duced (is) in anticipation of such 
revisions. 

ii-wcrHiLiesTOsTtRciHr rr.wcTi«vtnwont‘*w.-no,ons.s 

these tissues, it has not been recognized as yet. On the other hand, a group of sub- 
stances in proper combination may be necessary or the available methods of study 
do not provide an adequate simulation of normal conditions. 

The high myotrophic-androgenic ratios produced by the diols recalls the very 
similar renotrophic-androgenic ratios produced in castrated mice by these steroids 
(4-6). The different myotrophic-androgenic ratios of the different steroids and 
their increase or decrease with dose, depending on the particular steroid, tempts 
speculation as to whether these changes may not be a reflection of the nature of the 
metabolites formed by the body from the administered steroids. Thus, the diols 
especially at lower doses would be converted by the body primarily to metabolites 
which are myotrophic while the testosterone compounds are metabolized primarily 
to androgenic steroids. 

The observation that androstanol-i7a,one-3 is the most potent myotrophic 
steroid serves to illustrate again that the various properties of the steroids do not 
parallel each other. Furthermore, it illustrates that a slight alteration in chemical 
structure (fig. 6) can change a physiological property of a steroid. 

The analyses of the muscles indicate that the growth is similar to that present 
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in nonnal animals and provides direct support for tlie many calculations made on 
the basis of changes in the urinary excretion of constituents necessary for the forma- 
tion of protoplasm after androgenic stimulation (2, 10). 

The much greater efficacy of a steroid when administered by pellet as compared 
with injection is well illustrated again. Pellets of testosterone propionate were 
roughly one hundred times as effective as injections. 

The failure of castration or any of the steroids to affect the size of the kidney 
of the guinea pigs is in marked contrast to that observed in the mouse (4-6), but 
in agreement with the observations in the hamster (ii) and the rabbit (12). The 
hamster, however, is different from the guinea pig (also most other mammals), with 
respect to body size. The female of this species is larger than the male and has 
larger skeletal muscles. Castration of the male produces the female type (13). 

The ability of testosterone to maintain the temporal muscles at exactly normal 
size indicates that the demands for restorative processes are much greater than those 
for maintenance. A similar dose of testosterone was able to restore the atrophied 
muscle of the castrated guinea pig only to approximately 50 per cent of normal. 

SUMMARY 

Male guinea pigs were castrated at 250 gm. body weight and 35 days later were 
implanted subcutaneously with pellets of various steroids. After 30 days the ani- 
mals were autopsied. Castration decreased the temporal muscles to less than 
one-third that of the normals. The steroids increased the muscles in the following 
descending order: androstanol-i7a:,one-3; i7-methylandrostanol-i7a:,one-3; testos- 
terone and testosterone propionate; 17-methyl testosterone; androstanediol-3a,17a; 
and i7-methylandrostanediol-3a,i7a. The dose response was logarithmic for all 
of the compounds except androstanediol-3a,i7a, which became as effective as 
testosterone at higher dose levels. The myotrophic activities did not parallel the 
androgenic properties of these steroids. Therefore, the myotrophic-androgenic 
ratio (increase of muscle weight divided by the increase in accessory sex organs) for 
the various steroids decreased as follows: androstanediol-3a,i7a; 17-methylandro- 
stanediol-3a,i7a; i7-methylandrostanol-i7a,one-3; androstanol-i7a,one-3; testos- 
terone and testosterone propionate; and 17-methyltestosterone. 

The temporal muscles were never restored to more than 50 per cent of the 
normal, but the accessory sex organs were restored. If pellets of testosterone were 
implanted at time of castration, the muscles were maintained at exactly the same 
weight as those of normal controls, but the seminal vesicles and prostates were 
greatly increased. The normal condition was not simulated by any of the steroids. 
Analyses of the muscles indicated that normal growth occurred under steroid stimu- 
lation. 
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; AND PHOSPHATASES OF THE ORGANS 
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Front ihe Department of Physiology and Vital Economics, University of Rochester School of 

Medicine and Dentistry 

ROCHESTER, NEW YORK 

C ERTAIN androgens produce remarkable increases in the arginase activities 
of the kidney of the mouse (1-3), moderate increases in the kidney of the 
rat (4) and a decrease in that of the hamster (5). These steroids decrease 
the ‘alkaline’ phosphatase of the kidney of the mouse at ‘high’ doses (6), but produce 
a moderate increase at Tow’ doses (7) and similar increases in that of the rat (4) and 
hamster (5). The ‘acid’ phosphatase of the kidney is increased in the mouse (6), 
but not changed in the rat (4) or the hamster (5). These enzymes of the liver are 
not changed by administration of androgens in any of the above species. 

The above studies now have been extended to another species, the guinea pig. 

PROCEDURE 

The guinea pigs were those used in the preceding report (8). At autopsy ap- 
proximately one gm. of the left section of the median lobe of the liver and one half 
of one kidney were weighed, placed in 5 ml. of cold redistilled water, homogenized 
and sufficient water added to make a concentration of 20 ml. of water/gm. of tissue. 
The enzymes were determined as previously described (i, 2, 4, 6). 

RESULTS 

Kidney arginase. The normal guinea pigs showed a significantly greater argi- 
nase activity than their castrated controls in the 30-day experiments, but this dif- 
ference disappeared on extension of the time to 90 days (table lA). 

None of the steroids produced a remarkable increase in the arginase of the 
kidney (table lA); 17-methyltestosterone and i7-methylandrostanediol-3a,i7Q: pro- 
duced the greatest increases. The latter steroid, however, was more effective than 
the former at similar doses. Testosterone was completely ineffective at all dose 
levels while its propionate produced a small but not significant change at 30 days, 
which was not apparent at 90 days and was enhanced to a significant increase by the 
injection of the relatively large dose of 12.5 mg/day for 14 days (table iB). 17- 
methylandrostanol-i7Q:,one-3 at the higher dose and androstanol-i7a,one-3 pro- 
duced small increases in arginase activity. Androstanediol-3a, 17a at a similar 
dose level was ineffective. 

Received for publication July 19, 1948. 
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Kidney ‘alkaline’ phosphatase. Tlic kidney of the normal guinea pigs demon- 
strated a higher ‘alkaline’ phosphatase activity than that of their castrated controls. 
This difference, however, was not apparent in the older animals (table lA). All of 


Table i. Effect of castration and varioor steroids (pellets) on argikase and 
‘alkaline* phosphatase of the guinea pig kidney* 



i 

Ko, or 1 
c. ncs 

TOTAt 

AnsORBED 

KIPNXy WT, 

ASCDfASF.* 

*AtCAUJJE’ 

rnoswiATAsz’ 


i i 

f’ijr/i'J days 

tm. 

iU/tn.) % 

i 

A 

. 30-Day Experiments 




Castrated controb 

8 1 

1 1 
1 ! 

i 3-935 

i (31) 

(84) 


1 

f j 


! (22-40) 

(63-X12) 

Normal controb 

6 1 


1 4-P39 i 

i -i-58 

+63 

1 7-Methyl testosterone 

S 

28.3 

4-344 

+ 79 

+43 


5 

17-7 

4.40s 

+41 

+24 


5 

6.8 

4-319 

+40 

+39 

Testosterone 

s 1 

1 32-2 

mm 

-IS 

+24 


s 

i *8.9 


-3 

+42 


s ! 

7-4 

mm 

+5 : 

+39 

Testosterone propionate ! 

I ^ 

i 

7.5 1 

1 

4.296 

+27 

+36 

17-Methylandrostanol-i 7a , one-3 

1 

s 1 

! 4.4 

4-344 

-f-36 

+40 


S I 

1 1 

3.998 

+4 

+50 

Androstanol-i 7a , onc-3 


i 9-1 

mm 

+50 

+71 


6 ! 

1 

S-o 


! +33 

1 

+41 

i7-Meihylandrostancdiol-3a, 17a 

s 

9-5 

4.168 

■■ 



4 

1 

1.9 

3-727 

mm 


Andros tanediol-3a, 17a 

5 

5.8 

4.023 

+22 


B. po-Day Experiments 




Castrated controb 

4 


S.074 

(31) 

(97) 





(26-36) 

(85-104) 

Normal controb 

4 


4.990 

-16 

+29 

Testosterone propionate 

4 

20.5 

5-117 

+10 

+28 


* There was no significant change in the ‘acid’ phosphatase of the kidney nor in any of the 
enzymes of the liver. 


- Average and range of values for the controls are given in parentheses. The % values are 
differences from the average values of the controls. 


the steroids restored in varying degrees the decrease in activity of the phosphatase 
toward normal. The increases, however, were not related to the dose or the chemical 
nature of the steroid. 
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Kidiiey ‘acid’ phosphatase. The changes in this enzyme were generally less 
than s per cent and never more than 10 per cent. The changes were not significant 
and are not presented. 

Liver enzymes. There were no significant changes in the activities of the en- 
zymes of the liver. Most of the differences were below 5 per cent and in a few 
instances as much as 18 per cent. 


DISCUSSION 

The failure of castration and the steroids to influence any of the liver enzymes 
is the same as the observations in the mouse (1-3, 6, 7), rat (4) and hamster (5). 
Thus, in the guinea pig as in the other species the protein anabolic effect of these 
steroids (9) does not require a change in the activities of these enzymes. 

The ability of 17-methyltestosterone to increase the arginase activity of the 
kidney is apparently due to the 17-methyl group, for testosterone at comparable 


Table 2. Effect of injection of a ‘large dose’ of testosterone propionate (t.p.) 

ON KIDNEY ENZYMES OF CASTRATED MALE GUINEA PIGS* 



NO. OF 

DOSE 

EIDNEV 

1 

arginase 

1 

j 

phosphatases 


G. PIGS 

^VT. 

'ALKAiraE’ 

‘AaD’ 



rtiglday days 

gm. 

u/gm. 

U /gm. 

U/gm. 

Controls 

5 


4277 

29 

( 19 - 33 ) 

76 

(62-83) 

21 

(20-23) 

T.P. 

Change % 

5 

12. S 14 

4360 

40 

(36-45) 

+38 

79 

(70-83) 

+4 

21 

(20-22) 

0 


* There was no signiScant change in the enzymes of the liver. 


dose levels was completely ineffective. The increase, however, is much smaller 
than that observed in the mouse (1-3) and even lower than in the rat (4). Further- 
more, an attempt to obtain a great increase in arginase activity by the injection of the 
relatively large dose of 12.5 mg/day of testosterone propionate was unsuccessful. 
The increase produced was very small and in no manner comparable to that in the 
mouse (2). 

The ability of the steroids to increase the ‘alkaline’ phosphatase of the kidney is 
comparable to that noted in the mouse at subnormal doses (7) and in the rat (4) 
and hamster (5) regardless of dose. 


SUMMARY 

Male guinea pigs were castrated at about 250 gm. body weight. Thirty-five 
days later they were implanted subcutaneously with pellets of the following steroids: 
17-methyltestosterone; testosterone; testosterone propionate; 17-methylandrostanol- 
i7a,one-3; androstanol-i7a,one-3; i 7 -methylandrostanediol- 3 Q:,i 7 a; and andro- 
stanediol-3a,i7a. The dose of steroid was varied by the number of pellets im- 
planted. Castration produced a decrease in the arginase activities of the kidney 
after 60 days, but not after 120 days. None of the steroids produced any remark- 
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able changes. The greatest increase, 79 per cent, was produced by 17-m ethyl testos- 
terone while testosterone was completely ineffective. The administration of a 
relatively large dose, 12.5 mg/day, of testosterone propionate for 14 days produced 
only a 38 per cent increase. Castration produced a decrease in the ‘alkaline’ phos- 
phatase of the kidney, which w’as restored toward normal by the various steroids. 
None of the enzymes of the liver or the ‘acid’ pliosphatase of the kidney were afTected 
by castration or the steroids. 
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EFFECT OF TESTOSTERONE PROPIONATE AND GROWTH 
HORMONE ON THE WEIGHTS AND COMPOSITION OF 
THE BODY AND ORGANS OF THE MOUSE^- 2 

CHARLES D. KOCHARIAN and CONSTANCE E. STETTNER 

From the Department of Physiology and Vital Economics, University of Rochester School of 

Medicine and Dentistry 

ROCHESTER, NEW YORK 

^ g ^HE steroid N-hormones, e.g. testosterone (i) and the growth hormone of the 
I anterior pituitary (2-4), are very potent stimulators of protein anabolism. 
M It seemed of importance, therefore, to make a comparison of the sites and 
nature of the growth stimulated by these two important hormones. 

PROCEDURE 

Animals. White male mice of the Swiss strain were castrated at 17- to 19-gm. body weight; 
treatment was begun 30 to 40 days later. They were maintained in a glass jar containing wood 
shavings in an air-conditioned room at 78 to 8o°F. They were fed the Rockland rat diet and tap 
water ad libitum. Body weights were recorded three times per week beginning one week before 
treatment. 

Hormones. The testosterone propionate’ w'as implanted subcutaneously as a pellet of approx- 
imately 14 mg. (s). The growth hormone extract was prepared from beef pituitary. It contained 
“i.i units/mg. in the 6-month old ‘plateaued’ female rat growth test”^ and “in the hypophysecto- 
mized immature female rat,’ o.i mg/day for 10 days produced an average increase of 14.1 gm. in 
body weight. It showed no corticotrophin activity but at a total dose of 2.5 mg. it repaired the 
interstitial cells of the ovary and the thyroid of the hypophysectomized rat”. 

The extract was supplied as a dry powder and was dissolved as follows; 100 mg. was placed in 
a is-ml. centrifuge tube set in an ice water bath, 8 ml, of ice cold N/ioo sodium hydroxide was 
added and the suspension vigorously stirred at intervals for 30 to 60 minutes. Then the mixture 
was titrated, to ps 9 (Universal indicator, Eastman Kodak Co.) with N/so phosphoric acid. It 
was made to 10 ml. with distilled water, stirred and centrifuged. The supernatant solution was de- 
canted into rubber-capped vials and kept at o to 5°C. A maximum of one week’s supply was pre- 
pared at one time. It was injected at o.i ml. (i.i u.) per day. 

Autopsy and preparation of tissues. The food was removed 18 to 24 hours before the end of 
the experiment. The mice were killed by severing the spinal chord at the base of the skull and 
bleeding from tire blood vessels of the neck. The organs were removed and weighed on a Roller- 
Smith torsion balance. The kidneys and livers were homogenized (6) and aliquots removed for 
enzyme (7) and nitrogen determinations. The gastro-intestinal tract was freed of fecal material 
and the carcass and contents were dried to constant weight at 80 to 90°C. in an electric oven attached 
to a water aspirator. The dried residue was dissolved with warming in 30 ml. of 50 per cent potas- 
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slum hydroxide and 30 ml. of redistilled alcohol and Iransfcred to a 200-ml. volumetric flask. The 
hones were dissolved in 3 N hydrochloric acid. The mhclurc then was made to volume with dis- 
tilled water. 

The seminal vesicles and prostates and the remainder of the kidney and liver homogenates were 
pooled in separate groups of 3 to 5, dried to constant weight as above, dissolved in 10 ml. of 50 per 
cent potassium hydroxide and 10 ml. of redistilled alcohol and made to 50 ml. 

Nitrogen determination. The micro-Kjeldahl procedure was used for all nitrogen determina- 
tions except tliat aliquots of the dissolved carcasses were digested by the macro procedure, made to 
a given volume from which samples were distilled by the micro procedure. 

Total fat determination. A modified Leathes and Raper method (8, cf. g) was used. An 
aliquot of the dissolved tissue was pipetted into a 2So-ml. centrifuge bottle containing crushed ice, 
an equal volume of 6 N hydrochloric acid was added and tlie mixture extracted three times with 
75 ml. of distilled petroleum ether (Skcllysolvc F). The pooled extract was washed once svith 50 
ml. of 40 per cent alcohol which was in turn extracted twice with fresh petroleum ether. The bottles 
were centrifuged after each extraction and the Skcllysolvc F removed by aspiration. The extracts 
were combined, concentrated to about 10 ml., transferred to a tired 50-ml. crlcnrocyer flask, evapor- 
ated to dryness and placed in a vacuum desiccator containing ‘dchydritc’ for at least 24 hours be- 
fore weighing. 


RESULTS AND DISCUSSION 

Body weight. The chosen doses of testosterone propionate and the growth 
hormone extract produced similar increases in the body weight e.xcept that the rate of 
increase was slightly different (fig. i). The mice treated vnth the androgen showed 
an initially more rapid rate of increase, which decreased to less than that of the 
growth-hormone treated mice after about seven days of treatment. The growth 
curves of the 10- and 20-day treated mice were similar to the respective portions of 
the growth curves of the 34-day treated mice (fig. i). 

Organ weights. Tlie change in body weight was due in part to changes in organ 
weights. Testosterone propionate produced the expected increase in the accessory 
sex organs. The growtli hormone was ineffective when given alone or simultane- 
ously with testosterone propionate (table 1). Testosterone propionate produced a 
progressive increase in the size of the kidneys with duration of treatment. The 
growth hormone produced a much smaller increase in this organ and no further in- 
crease was obtained on extending the period of injections. The simultaneous admin- 
istration of the hormones produced a partial summation of their renotrophic effects. 

There was a small increase (table i) in the size of the liver in all of the mice 
except those treated with the androgen for 10 da)rs. There was no evidence of 
summation when the two hormones were administered simultaneously. The an- 
drogens decreased the size of the thymus but the growth hormone was ineffective. 
There was no gross evidence of adrenal changes. 

Composition of the organs. There was no major change in the percentage compo- 
sition of the kidney or the liver (table 2) as a result of the various treatments. The 
se m i n al vesicles and prostates (table 3) had approximately the same percentage 
composition of water and protein in the various groups, but the fat content was de- 
creased in the animals treated for 34 days. The organs of the control animals were 
too small (cf. table i) to permit analyses. 

Composition of the carcass. The water content of the carcass was progressively 
increased by both hormones. The increases, however, completely disappeared in the 
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, lo-day treated mice and become very small in the longer treated animals when the cal- 
culations are made on a fat-free basis (cf. 10, ii). The increases, nevertheless, are 
always greater after growth-hormone than androgen treatment and there is also a 


Fig. I. Effects of (testos- 
terone PROPIONATE (T. P.) and growth 
hormone (G. H.) on body wt. of cas- 
trated mice. 



Table i. Comparison of effect of testosterone propionate (t. p.) and an anterior 


PITUITARY GROtVTH HORMONE (g. H.) ON THE ORGAN WEIGHTS OF CASTRATED MICE 




NO. OF i 
MICE 

SEM. VES. 
-f PEGS. 

KIDNEYS 

UVXR 

THYMOS 


mgiday 

days 


(mg), %' 

(mg), 

(mg), 

(mg), 

Controls 



19 

mSm 

(234) 

(193-260) 

(920) 

(720-IOI0) 

(47) 

(34-71) 

T. P. 

O.IS 

B 

6 

1600 

57 

4 

— 60 


0.16 


9 

2900 

73 

20 

-95 


O.IS 

34 

8 

3500 

81 

IS 

-95 

G. H. 

I.O 

B 

9 

30 

— 

29 

+6 


I.O 

WSm 

9 

10 


35 

+7 


I.O 

34 

7 

30 

24 

II 

i 

-18 

T. P. and G. H. 

] 

fo.ifi 

1 I.O 

20 

8 

3000 

93 

31 

-95 


1 

[0.16 

[I.O 

34 

8 

4200 

91 

20 

-95 


' Percentage difference from the control values; the averages and range of values are given as 
milligrams in parentheses. 


suggestion of partial summation when both hormones are administered. The 
nitrogen content was not remarkably altered. The quantity of fat was decreased by 
both hormones but the growth hormone was more effective than the androgen. 

Composition of the increase in body weight, A summary of the total changes in all 
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of the organs and carcass is presented in figure 2. The increase in body v/cight over 
that of the controls occurred as a result of protein synthesis. Furthermore, when 
the two hormones were administered simultaneously there was a summation of their 
protein anabolic properties accompanied by a loss in body fat, which occurred entirely 
in the carcass (table 4). Indeed the organs, especially the seminal vesicles and pros- 
states, synthesized fat in proportion to their increases in weight (tables 1-3). The 


Table 2. Cootarisok or eitect of testosteroiie fropionate (t. p.) akd growth noRitoNE 

(c. H.) OK COMPOSinOK OF THE KIDKEV AKH LIVER OF THE CASTRATEH KOUSE 



or MICE 

KroNxy 


W.-.tcr 1 

Xltrosen j 

Fnl 

Water 1 

1 

NitrOi-en | 

i 

Fat 



r* j 

i 

c* 1 

I Cf \ 

c* 1 




/O f 

/O \ 

/o 

i 1 

,0 1 

1 

Controls 

13 

73-8 i 

3.03 1 

3-9 

1 67.0 1 

, 3.50 1 

1 5.5 

i 

lo-Day Experiments 

T.P i 

6 

74-5 

1 

2.93 j 

1 3.4 

65.6 1 

3.57 

j 6.1 

G.H i 

9 

75.2 

2.94 j 

3.8 

6G.2 1 

1 

1 3.54 

; 4.8 

20-Day Experiments 

T. P 

1 ’ 

74/6 ! 

3.03 

, 3-3 

66.8 

1 1 

3.67 

i 4.3 

G. H 

i 9 

74.8 

3-12 

3.3 

67.1 

3.58 

4-5 

T. P. + G, H 

I « 

74.8 

3.02 

3.2 

67.1 

3.70 

4.3 

34-Z?ay Experiments 

T.P 

8 

74.2 

2.89 

i 3.7 

; 63.4 


4.6 

G.H 

7 

74.8 

1 2.96 1 

3-8 

j 68.8 


3.8 

T. P. -f G. H 

8 

75.8 

1 3.00 ! 

1 3.0 

j 67.3 


4.2 


Table 3, Effect of testosterone propionate (t. p.) alone and with growth 

HOEIIONE (G. H.) on COilPOSITION OF THE SEillNAL \T.SICLES AND PROSTATES OF 

CASTRATED MICE' 



10 DAYS 

j JO DAYS j 

j 34 DAY’S 


Water 

Nitrogen 

Fat 

Water 

^Nitrogen : 

Fat 

i Water j 

Nitrogen 

Fat 


% 

% 

% 

% 


% 

% : 

% 

7 o 

T.P I 

73.8 

3-10 

3.9 

71.7 

1 . ‘ 
j 3.60 , 

3-4 

73-5 i 

3.41 

2.0 

T.P. -h G.H 



1 

71.8 

I 3.40 j 

4.2 

72.7 

3.50 

2.5 


' The seminal vesicles and prostates of the control and growth-hormone-injccted mice were too 
small (cf. table i) to permit analyses. 


amounts, however, are relatively insignificant when compared to the changes in the 
carcass. 

In every instance the greatest synthesis of protein occurred in the carcass 
(table 5) and became greater with increase in duration of treatment. The amount, 
however, was less in the androgen- than in the growth-hormone-treated mice because 
of the greater synthesis of protein in the kidney and especially the seminal vesicles 
and prostates. 
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The effect of the growth'^hormone on the body and organ weights and their 
composition is]^in general agreement with previous studies in the mouse (9, 12) and 


6 


5 


A 


Fig. 2 . Composition of the 
INCREASE IN BODY WT. of Castrated w 3 

mice treated with testosterone pro- < 

pionate (T. P.) and growth hormone ^ 
(G. H.) over that of control animals. 2 


1 


0 


-I 

10 DAYS 20 DAYS 34 DAYS 



Table 4 . Effect of testosterone propionate (t. p.) and growth homone (g. h.) 


ON composition of the carcass of castrated mice 


1 


1 1 

FAT j 

1 FAT FREE BASIS 

|no. of irrcE 

WATER 

1 NITROGEN' ' 


1 


■ 


i i 

i 

1 Wafer 

Nitrogen 


10-Day Experiments 



! 

% 

% 

% 

% 

i 

Control 

7 

61.9 

2.91 

12.6 

70.5 

3-41 

T.P i 

6 

62.3 

2.88 

10.9 

69-5 

3-23 

G.H 1 

9 

63.8 

2.94 

10.3 

1 

71-5 

3-23 


20-Day Experiments 


Control ! 

7 

62.1 

2.91 

12.6 

1 

1 

3-41 

T.P 

8 

1 63-9 

2-93 

10. 2 


1 3-27 

G.H ' 

! 9 

i 65.3 

2.82 

9.2 


3. II 

T. P. 4 - G. H 

1 « 

1 

2-95 

8.4 

■0 

3.22 


ZA-Day Experiments 


Control 

1 s 

61.8 


12.6 

71.2 

1 3-37 

T. P 

! 8 

64.4 i 


9.8 

72.0 

3-37 

G. H 

1 7 

67.7 


7.8 

72.8 

I 3-24 

T. P. 4 - G. H 

i « 

67.8 


7.2 

73-6 

i 3-29 


the rat (3, 13, 14). There are, however, contradictory reports concerning the effect 
of this hormone on the liver and kidney weights of the rat (cf. 15). 

The chosen doses of the two hormones fortunately produced nearly identical 
increases in body weight. Thus a comparison of the results of the two types of treat- 
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meat are greatly facilitated. The effect of these two hormones are distinctly differ- 
ent. The growth hormone as expected had no androgenic effect in contrast to the 
testosterone propionate. The renotrophic properties also were decidedly different. 
The androgen not only produced larger kidneys but also progressively increased the 
size with extension of treatment, while the growth hormone produced only a small 
increase in kidney weight which was not increased further by axtending the duration 
of treatment. 

' The simultaneous administration of the two hormones produced almost an 
exact summation of increase in body weight and a partial summation of their reno- 
trophic effects. It is unlikely that these results are due to a further stimulation of 
the same intermediary metabolic processes, for doubling the dose of testosterone 
propionate does not produce a further increase in the body weight of the castrated 
mouse. There is, however, a slight increase in the size accompanied by a further 
increase in the arginase activity of the kidney (i6). On the other hand, the grov.'th 
hormone inhibits the increase in arginase activity of the kidney produced by testos- 
terone propionate (7). 


Tmm 5. Sites and relative amount of protein an,\bolism induced bv testostep.one 

PROPIONATE (T. P.) AND GROWTH HORMONE (g. H.) IN CASTPoVTED illCE 



10 DA vs 


20 DAYS 


i 

I 

JtDAYS 



Bi 

G.n. j 


G.H. j 

T.P.-f 

G.n. 

i T. P. j 

t 1 

1 G.H. j 

T.P.+ 

G.H. 


<v j 

C* 








1 

/C j 

/o 

/O j 

1 '' ' 

/O 

/ff 1 


Carcass 

1 69.2 i 

76.7 

65-3 

So. 4 1 

j 79-4 ^ 

75.5 

92.3 i 

83.0 

Liver 

2.8 * 

I 9 -S 

10.6 ' 

16. 8 1 

i 9-3 ' 

8.7 

6.2 1 

S ‘5 

Kidney 

Seminal vesicles and 

ir -3 

4-5 

7-1 

2.8 

j 4-3 , 

4.7 ! 

; j 


3*4 

prostates 

16.7 

0.0 

j 16.8 

j 0.0 

j 7.0 

. 1 

II. I 

0,0 

8. 1 


Values are percentages of the increase in body weight (sec fig. i). 


The total composition of the increase in body weight is in general the same for 
the two hormones. There was an increase in protein synthesis and an increase in fat 
catabolism. The amount of fat catabolism, however, was greater and occurred 
sooner in the growth-hormone than in the androgen-treated mice. Furthermore, 
there was no apparent summation of this effect, while there w’as in protein symthesis 
when the two hormones were administered simultaneously. The increase in fat 
catabolism agrees with the decreases in R. Q. observed after administration of 
growth hormone (17) and androgens (i, 18) to dogs. 

The site of greatest protein anabolism and all of the fat cataboUsm occurred in 
the ‘carcass’. The kidney, liver and especially the seminal vesicles and prostates of 
the androgen treated mice were sites of not only protein but also fat synthesis. The 
protein synthesized in the carcass w'as similar to that in young growing animals (10) 
especially in the growth-hormone-treated mice. The composition of the kidney and 
liver was the same as that in the control animals. 

The stimulation of protein synthesis in the carcass by the androgen presumably 
occurred in the skeletal muscles. These tissues of the castrated guinea pig are in- 
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creased in size by testosterone propionate (19) and related steroids (20), The skin 
also may have either participated or detracted from the changes noted since its hair- 
growth and appearance is altered by androgen injections (21). 

SUMMARY 

White male mice were castrated at 17 to 19 gm. body weight and approximatel3r 
one month later, separate groups were treated as follows: a) injected daily with i.i 
rat growth units (i mg.) of anterior pituitary growth hormone, b) implanted sub- 
cutaneously with an approximately 14-mg. pellet of testosterone propionate and c) 
both treatments simultaneously. The mice treated with the growth-hormone 
preparation showed approximately the same increase in body weight as those treated 
with the androgens. When the two hormones were administered simultaneously, 
there was a summation effect on the increase in body weight. 

The growth hormone produced a small increase in kidney weight which was not 
further enhanced by extending the period of treatment. The androgen on the other 
hand, produced a much greater increase in this organ which was further increased on 
extending the period of treatment. The effects on the kidney were partially sum- 
mated when the two hormones were administered simultaneously. 

Both hormones increased the total amount of protein and water in the carcass 
and the organs and decreased the fat of the carcass. The increased amount of 
protein was similar for both hormones, but the androgen diverted a larger proportion 
to the kidneys and especially the seminal vesicles and prostates. The growth hor- 
mone caused a slightly greater increase in water content and a much greater decrease 
in fat content of the carcass than the androgen. The simultaneous administration of 
the two hormones produced a summation of the protein anabolic but not the fat 
catabolic effects. 

REFERENCES 

1. Kochakian, C. D. In R. S. Harris and K. V. Thimann, Vitamins and Hormones 4: 255, 1946. 

2. Evans, H. M. and J. A. Long. Anat. Record 21; 6, 1921. 

3. Evans, H. M. and J. A. Long. Proc. Nall. Acad. Sci. U. S. 8: 38, 1922. 

4. Li, C. H., L. L. Bennet, M. E. Simpson and H. M. Evans. In G. Pincus, Recent Progress in 
Hormone Research. In press. 

5 . Kochakian, C. D. Am. J. Physiol. 142: 315, 1944. 

6. Kochakian, C. D. J. Biol. Chem. 155: 579, 1944. 

7. Kochakian, C. D. and C. E. Stetxner. Am. J. Physiol. 155: 262, 1948. 

8. Leathes, j. B. and H. S. Raper. The Fats. London: Longmans, Green and Co., 1925. 

9. Downs, W. G. Jr. J. Dental Research 10; 601, 1930. 

10. Moulton, C. R. J. Biol. Chem. 57: 79, 1923. 

11. Pace, N. and E. H. Rathbun. J. Biol. Chem. 158: 685, 1945. 

12. Wadehn, F. Biochem. Z. 255: 188, 1932. 

13. Bierring, E. and E. Nielsen Biochem. J. 26: 1015, 1932. 

14. Lee, M. 0 . and N. K. Schaefer. J. Nutrition 7: 337, 1934. 

15. VoRis, L., M. Kriss, L. F. Marcy and R. S. Bowman. J. Nutrition 24: 469, 1942. 

16. Kochakian, C. D. In G. Pincus, Recent Progress in Hormone Research, New York i : 177, 1947. 

17. Gabbler, O. H. - J. Exptl. Med. 57: 349, 1933. 

18. Kochakian, C. D. and J. R. Murlin. J. Nutrition 10: 437, 1935. 

19. Papanicalaou, G. N. and E. A. Falk. Science 87: 238, 1938. 

20. Kochakian, C. D., Jane Harrison Hummand Mary N. Bartlett. Am.J. Physiol. 155: 18, 
1948. 

21. Kochakian, C. D. Endocrinology 26: 54, 1940. 



EFFECT OF TESTOSTERONE PROPIONATE AND GROWTH 
HORMONE ON THE ARGINASE AND PHOSPHATASES OF 
THE ORGANS OF TIES MOIJSE»‘ = 

CHARLES D. KOCHARIAN and CONSTANCE E. STETTNER 

From the Department of Physiology and Vital Economics, University of Rochester School of 

Medicine and Dentistry 

ROaiESTER, NEW YORK 

I N PREVIOUS reports it has been demonstrated that testosterone propionate 
increases the arginasc (1-3) and to a lesser extent the 'acid' phosphatase, but 
decreases the 'alkaline' phosphatase (3-5) of the mouse kidney. These enzymes 
of the liver are not affected. Since the growth hormone of the anterior pituitary also 
is a very potent stimulator of protein anabolism (6, 7), it seemed worth while to de- 
termine whether this hormone also affected the above enzymes. 

PROCEDURE 

The mice were those used in the preceding report (8). The enzymes were de- 
termined as pre\’iously described (i, 2, 5). 

RESULTS 

Kidney enzyjncs. The testosterone propionate^ produced the expected marked 
increase in arginase (i, 2), the small increase in ‘acid’ and the marked decrease in 
‘alkaline’ phosphatases (5) (table i). The arginase and ‘alkaline’ phosphatase 
showed no further changes when the androgen treatment was axtended to 20 and 
34 days. Growth hormone, on the other hand, did not significantly alter the con- 
centration of the enzyme activities, e.xcept in the case of the kidney arginase which 
was moderately increased only in the mice injected for 10 days. 

The simultaneous administration of growth hormone v/itli testosterone propio- 
nate markedly reduced the ability of the androgen to increase the arginase activity 
of the kidney, but did not significantly alter the effect on the phosphatases. 

Liver enzymes. The hormones either separately or simultaneously administered 
did not alter the concentration of the various enzymes (table 2). 
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City, March 1948 (Fcderalioyi Proc. 7(1): 66, 1948). 

^The testosterone propionate was supplied as ciystalline material by Ciba Pharmaceutical 
Products Inc. 

^ The anterior pituitary growth-hormone preparation, R 70832, was supplied as a dry powder 
by Parke, Davis and Company. 
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Table i. Comparison of effect of testosterone propionate (t. p.) and anterior 

PITUITARY GROWTH HORMONE (G. H.) ON ENZYMES OF THE KIDNEY OF CASTRATED MICE 



^’ 0 . OF 

HORMONE 

KIDNEYS 

ARGINASE 

FHOSPHATASES 






‘Alkaline’ 

‘Acid’ 


i 

days 

mg/day 

wg. 




Control 

19 



234 

so 

336 

10.3 






(30-84) 

(246-400) 

(8.8-12.9) 

T. P.2 

6 

10 ' 

n 

367 

+268 

-48 

0 


9 

20 

msm 

404 i 

+ 202 

-54 

+ 10 


8 

34 

o.is 

423 

+ 202 

1 

-48 ■ 

1 

+ IS 

G.H. 

1 

9 

10 ' 

I.O 

320 

-1-52 

+8 

-1-2 

! 

9 

20 ' 

I.O 1 

304 

0 

-3 

+6 


7 

34 

I.O 

290 

+14 

-3 

-f II 

T. P.2 + G. H. 

8 

20 


fo.i6 

1 I.O 

464 

+100 

-37 

-I-14 


8 

34 


I0.I6 

[I.O 

448 

+114 

-45 

-1-21 


1 The changes are percentage differences from the control values, which are given in parentheses 
with the ranges. 

® Implanted subcutaneously as a 14- to is-mg. pellet. 


Table 2. Comparison of effect of testosterone propionate (t. p.) and anterior 

PITUITARY GROtVTH HORMONE (G. H.) ON ENZYMES OF THE LIVER OF CASTRATED MICE 



NO. OF 
MICE 

1 

1 

hormone 1 

1 

LIVER 

ARGINASE 

PHOSI 

‘Alkaline’ 

>HATASES 

‘Acid’ 



days 1 

mg/day 

gm . 

(U/gm.)' % 


Control 

19 



0.92 

(16,800) 

(8.1) 

(18.9) 





(0.72-1. 01) 

(14,300-18,500) 

(6. 9-9. 6) 

(17.7-20.2) 

T. P .2 

6 

D 

H 

0.96 

“3 

4-i8 

-3 


9 

HI 

mm 

1.04 

4-8 

4 -S i 

-13 


8 

34 1 

0.15 

1. 01 

4-10 

4-24 

-4 

G. H. 

9 

D 

B 

1. 19 

-fio 

i 

— 2 : 

+ 18 


9 

Hi 


1.29 

4-22 

4-7 

+8 


7 

34 

B 

1.02 

-4 

4-3 

-3 




0. 16 

1.24 

4-5 

-1-26 

4 -iS 

T. P.2 -b G. H. 

8 

20 

1,0 








0.16 

1. 10 

4-1 

4-32 

4-2 

1 

8 1 

34 

I.O 


i 




>■ The changes are percentage differences from the control values which are given in parentheses 
with the ranges. 

- Implanted subcutaneously as a 14- to 15-mg. pellet. 
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DISCUSSION 

It is evident that neither testosterone propionate nor growth hormone decreases 
the requirement of arginase in the liver while stimulating protein anabolism. On 
the contrary as the liver is stimulated to increase in size there is a proportionate in- 
crease in the enzyme activity. It is impossible at present to reconcile these results 
with the reported (8) decrease in arginase activity of the liver of the hypophyscc- 
tomized rat, especially since the decreases observ'cd in either hypophysectomized or 
normal adult male rats in this laboratory (unpublished) range from o to 20 per cent. 
It is of interest that the 'alkaline’ and 'acid’ phosphatase activities also increase in 
proportion to the increase in liver protein. 

The two hormones do not show the same clTect in their actions on the errz^Tnes 
of the kidney. The action of the growth hormone is identical to that on the liver. 
There is a proportionate increase in the enzymes with kidney mass. The androgen, 
on the other hand, produces a very great increase in the arginase, a small increase in 
the 'acid’ phosphatase and a marked decrease in the ‘alkaline’ phosphatase acti\dties. 
Furthermore, the effect of the androgen on the arginase activity is greatly inhibited 
while the phosphatases are not affected by the simultaneous administration of the 
growth hormone. Thus, there is a definite difference in the mechanism of the inter- 
mediary metabolic processes stimulated by these two protein anabolic hormones. 
Indeed, there is even a suggestion of antagonism or competition. 

SUMMARY 

Mice were castrated at 17- to 19-gm. body weight and one month later were 
implanted subcutaneously with i) a 14- to 15-mg. pellet of testosterone propionate, 
2) injected subcutaneously with i.i rat u/day of growth hormone and 3) treated 
simultaneously with both hormones for 10-, 20- and 34-day periods. Testosterone 
propionate produced the expected marked increase in kidney arginase, small increase 
in ‘acid’ {pn 5.4) phosphatase and marked decrease in ‘alkaline’ {pH 9.8) phosphatase 
activities. Growth hormone was ineffective but w'hen administered simultaneously 
with testosterone propionate, it decreased the arginase-stimulating effect of the andro- 
gen to one-half. 

The liver enzymes w'ere not affected by either of the hormones. The small in- 
creases in liver size were accompanied by proportionate increases in the enzyme activ- 
ities. 
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EFFECT OF ESTROGEN ALONE AND IN COMBINATION WITH 
TESTOSTERONE ON THE BODY AND ORGAN WEIGHTS AND 
THE ARGINASE AND PHOSPHATASES OF THE ORGANS OF 
THE MOUSEi 

CHARLES D. KOCHARIAN, E. E. GARBER and MARY N. BARTLETT 

Frovi the Department of Physiology and Vital Economics, University of Rochester School of 

Medicine and Dentistry 

ROaiESTER, NEW YORK 

I N PREVIOUS studies the effect of testosterone (i) and a-estradiol (2) on the 
organ weights and enzj'^mes of the castrated mouse have been reported. In 
this study, the effects of the combination of these two homrones and also the 
androgen with methoxybisdeh3'drodoisynolic acid are being reported. In addition 
studies with two new synthetic estrogens are included. 

PROCEDURE 

Male mice were castrated at 17- to 19-gm. body weight; one month later the pellets of the var- 
ious steroids* were implanted subcutaneously (3). When both estrogen and androgen were im- 
planted, thej’ were inserted at different sites. Mice of the dba’ strain were used in all of the studies 
except at the lower dose for the 16-day experiments and for the studies with i-meUiylestrone and 
i-methylestradiol for which mice of die Swiss strain from our Bacteriology department were used. 
This change was necessitated because the dba mice were no longer available. 

The food, Rockland rat diet, was fed ad libitum and was removed from the cages the day before 
autopsy. The mice were killed by severing the spinal chord at the base of the skull and bleeding by 
cutting tire blood vessels of the neck. The organs were removed and weighed on a Roller-Smith 
torsion balance. The weighed kidneys and liver were homogenized and tlie enzyme activities de- 
termined as previously described (3-6). 


RESULTS 

Rale of absorption of the estrogens. Methoxybisdehydrodoisynolic acid (here- 
after designated as MDDA) was absorbed at approximately eight times tlie rate of 
a-estradiol (table 2). The solubility of the estrogens or the androgen was not notice- 
ably altered by simultaneous implantation (tables 1,2). The difference in solubility 
bebveen the two estrogens was greatly reduced when they were mixed with chol- 
esterol. The MDDA had only about twice the rate of absorption of a-estradiol. 

The introduction of the methyl group into a-estradiol, i-methylestradiol, in- 
creased the solubility of the compound approximately fourfold. Similar alteration 
of estrone, i-methylestrone, did not produce the same result. It was ineffective 
(cf. 2). 

Received for publication August 5, 1948. 

1 This investigation was supported by grants from Ciba Pharmaceutical Products Inc. 

* The steroids were provided by Ciba Pharmaceutical Products Inc. 

’ These mice were generously pro\'ided by the Biological Station, Springville, N. Y., through the 
courtesy of Dr. S. G. Warner. 
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Table i. Effect of testosterone and a-F„sTP.ADioi, on body and organ weights of 

CASTRATED MICE 



Ko, or 
liter. 

! rouY wr-if.iiT i , 

rrr.soiD j sr.ir.-f | cm-mYS 

AHsoRnr.D 1 rros. 

1 Final Chani.:c | | 

1 

i 

j TOWeS 

1 

lo-Day Expcrhncnls 


Control 

28 

mg. 

<«. j gn. 
21-51 °-9 

(mg.), %' 

(it) 

(Wf.), i 

(263) j 

1 (mg.).rc> 
(33) 

Testosterone 

9 

3-3 

j 1 

23.6; 2.7 i 

(7-13) 

1130 

(222-295) 1 
1 60 1 

(22-53) 

1 —61 

Testosterone + a-cstradiol 


3 - 2 , 0-7 
0.6 1 

21. l| 0.6 i 

736 1 

iQt ! 

i S8 1 

—61 

a-Estradiol 

1 

S i 

22. Oj 1.3 j 

j ^ i 

20 

! 1 

-49 


30-Day Expcrimcnis 


Control 

28 


t 

22 - 3 '! 1-7 

(II) 

i (263) 1 

(33) 




i 

(7-13) 

1 (222-295) 

(22-53) 

Testosterone 

9 

8.3 

24.6; 4.4 

2S60 

j loS 

-91 

Testosterone + «-cstradiol 


7 - 0 , 2..t 

20.7! 2.4 

1690 ! 

! 105 

-99 

a-Estradiol 1 

6 

2.6 

20.0! 0. 1 1 

1 1 

1 

54 1 

i 1 

i -70 


* The percenlagc difTcrcnccs are from the average values of ihc controls which arc given wth 
their ranges in parentheses. 

* Two mice died at 28 days. The weights of their organs were similar to those of the survivor. 


Table 2. Effect of testosterone and various estrogens on body and organ 

WEIGHTS OF C.\SnL\TED SOCE (16-D.AY EXTERIMENTS) 



KO. 

or 

UICK 

PKLtLTS 

STEROID 

ADSORBED 




nm 

niYinrs 

Final change 




vig/j6 days 

gm. 

gm. 

(Rj.), 51 ' 

(mg.), % 

(mg.),rc 

(mg.), % 

Control (dba) 

5 



23-1 

1.4 

(16) 

(257) 

(1030) 

(42) 







(14-1S) 

(232-283) 

(SOO-IOQO) 

(27-54) 

Control (Swiss) 

9 



23-3 

1-5 

(12) 

(250) 

(960) 

(Si) 







(8-16) 

(217-281) 

(760-1060) 

(34-73) 

Testosterone 

5 

X 

7-0 

23-1 

2.2 

irSo 

73 

-9 

-93 


5 

I 

6-3 

24.8 

2.8 

2310 

53 

-4 

-85 

Testosterone a- 










estradiol 

s 

1. 1 

6.6, 0.54 

21.3 

0.4 

800 

76 

-9 

-95 


5 

1. 1 + 3 

7.0,0.0s 

26.0 

2.8 

1970 

68 

rr 

-92 

a-Estradiol 

5 

I 

.61 

20,4 

- 1-4 

0 

6 

-4 

-Sr 


5 

1 + 3 

.06 

24.8 

3-2 

150 

5 

7 

-71 

Testosterone -f- 










MDDA 

2 * 

I, I 

5 - 6 , 4.6 

15-6 

- 4-5 

375 

10 

-15 

-95 


s 

1,1 + 3 

6.9, 0.12 

24.2 

1-4 

1740 

49 

— 3 

-99 

MDDA 

s 

I 

4.8 

15-I 

-5-5 

-37 

-32 

-27 

-99 


5 

1 + 3 

O.IO 

23-4 

1-4 

41 

8 

10 

-55 

i-Methylestrone 

4 

X 

0.33 

21.4 

0.4 

0 

“II 

— 4 

0 

i-Methylestradiol 

4 

I 

■ 2.2 

22.0 

1.6 

25 

4 

0 

0 


I Three mice died before the end of the experiment. 
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Body weight. The mice implanted with pure a-estradiol and MDDA either 
gained less weight than their controls or lost weight (table 2). The loss in body 
weight increased with the amount of estrogen absorbed. Thus, MDDA, which was 
most rapidly absorbed, produced the greatest decrease in body weight. The re- 
duction of the amount of estrogen absorbed by mixture with cholesterol (table 2), 
permitted a-estradiol to increase the bod}’- weight. The MDDA, at the lower dose 
level, which was, however, twice that of a-estradiol, only maintained the body weight 
at that of the controls. The simultaneous administration of testosterone exacerbated 
the urinar}” retention. Furthermore, 2 out of 3 mice treated for 30 days with testos- 
terone and a-estradiol (table 1) died on the 28th day and 2 but of 4 mice treated for 
16 days with testosterone and MDDA died on the day before and the last day of the 
experiment. One of these had hemorrhage in the large intestine. Moreover, 3 of 
the mice treated with testosterone and the low dose of a-estradiol (table 2) and 2 
treated with testosterone and the low dose of the MDDA had markedly distended 
bladders at autopsy. The controls and the remainder of the experimental mice had 
negligible amounts of urine in their bladders. 


Table 3. Effect of testosterone and a-ESTRAoioL on the arginase AcrmTy of the 

KIDNEY OF CASTRATED MICE 



lO-DAY EXTERIUENTS 

30-I)AV EXPERIMENTS 


! No. of mice 

Arginase 

No.ofmicc 

Arginase 

Control 

20 

(.V/gm.), % 

(49) 

(39-59) 

■4-490 
-4-760 
+ 192 

20 

(U/gm.), % 

(49) 

(39-59) 

+584 

•4-789 

-f88 

i 

Testosterone 1 

6 

6 

Testosterone - 4 - a-estradiol 

C 

1 

a-Estradiol 

c 

5 ! 


0 

1 

1 


Organ weights. The effect of testosterone on the seminal vesicles and prostates 
was greatly decreased by the simultaneous administration of both a-estradiol and 
MDDA in all of the experiments (tables i, 2). The greatest inhibition was ob- 
served at the high dose of MDDA (table 2). MDDA and a-estradiol demonstrated 
a small and the methylated estrogens no reno trophic properties (tables i, 2). The 
renotrophic effect of testosterone was not influenced by the simultaneous administra- 
tion of either a-estradiol or MDDA. The small decrease in liver weight produced 
by testosterone is equivocal. In other studies no change (7) or an increase (un- 
published) has been noted (also cf. 8). The high dose of MDDA decreased the weight 
of the liver which was partially counteracted by testosterone (table 2). The other 
experiments showed no or questionable small changes which roughly paralleled the 
changes in body weight. Testosterone was more effective than the estrogens in 
diminishing the weight of the thymus. The methylated estrogens were completely 
ineffective in this respect (tables i, 2). 

Kidney enzymes. Testosterone as expected (i, 3, 4) greatly increased the argi- 
nase activity of the kidney (tables 3, 4). The a-estradiol and MDDA (tables 3, 4), 
but not the methylated estrogens (table 4), also increased this enzyme but not as 
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Tavi.k 4. Ef^kct or tkstosterone and various estrogens on knzyues op the kiuney 
OF castrated mice (16-DAY EXPERIMEN'TS) 



KO. 1 
or 

STKKOin 

IwDNT.VS' 

1 1 

i 

1 1 

AuntrtAsr.l 

1 j 

t 

1 ITJOSRJiATASnS 

f 

1 rnTfiOCt ^ 

i 


men 

. ABSOKRtl) 

1 ‘Alkaline’ : 

■Aci<l’ i 


i 

mf/rtf Jayi 

1 

nr .- 

I ( U / tr ^.), i 

1 ‘iv ' 

( U / gn.h % i 

lUMm .), 

j lrtt / in .),% 

Control (dba) 

s 

1 

257 

(63) 1 
5(32-93) 

( 376 ) ! 

(350-448): 

i 

(9-4) 

(8.1-10.9) 

1 (31-5) 

(30.6-32.7) 

Control (Swiss) 

9 

1 

i 

250 

(33) 1 
(12-70)1 

(391) j 

(270-480); 

(9-5) 

(7.8-10.5) 

(29.S) 
(28. 7-30.8) 

Testosterone 

5 

; 7-0 

444 

417 i 

-76 i 

3 

1 -3 


5 

6.3 

381 

728 j 

-61 i 

\ II ] 

— 2 

Testosterone -}- a-cstradiol 

5 

6.6, 0.54 

453 

750 

-71 i 

i —2 j 

1 -8 


5 

7.0,0.05 

419 

839 1 

j ~55 I 

^ i 

*""4 

a-Eslradiol 

5 

0.61 i 

275 

35 S 


1 3 j 

-3 


5 

0.06 > 

262 i 

rSS 

1 -3 1 

i 5 j 

+i 

Testosterone -f- MDDA 

2 

S.6,4.6 

2S2 i 

855 - 

1 -68 j 

1 -9 1 

-9 


5 

6.9, 0.12 

373 i 

903 

1 -48 1 

! 6 i 

”5 

MDDA 

5 

4.8 

176 j 

i 

i -6 ! 

1 ” 1 



5 

0- 10 

271 : 

1 167 

1 1 

; 0 ; 

— I 

i-Mcthylestrone 

4 

•33 

221 


i i 

i 1 

0 

i-Methylcstradiol 

4 

2.2 

260 

4 

! -5 1 

I i 

i 6 i 

1 _ 1 

— 2 


Table s- Effect of testosterone and various estrogens on enzymes of the m'ER 
OF castrated MICE (16-DAY EXPERIilENTS) 



KO. 

or 

WICK 

STElEOtD 

ABSOPJIED 

a 

tc 

> 

ARGXKASE 

1 PnOSPHATAStS 

J 

NTTROOEK 

'Alkaline' | 

1 

1 ‘Add’ 



days 

ms . 

W / sm .}, % 

iU/en.). % j 

5 (U/srr..),<ro i 


Control (dba) 

5 


1030 

(19S00) j 

(8.9) 1 

(IS-S) 5 

( 35 - 6 ) 





(16400-22800); 

(4.8-14.5) 

(11.0-14.3)1 

( 33 - 1-39-2) 

Control (Swiss) 

9 


960 

(17900) j 

(8.2) 

i (13-3) 

(33-3) 






(5-1-10.5): 

(10.0-14.8) 

(31.9-34-8) 

Testosterone 

5 

7.0 

940 

— 2 

14 

4 

6 


5 

6.3 

920 

-15 

1 

9 ! 

8 

Testosterone -j- a - 

1 


] 





estradiol 

5 

6.6, 0.34 

940 

-2 

52 

I 

3 


s 

7.0, 0.03 

1060 

1 -8 

16 

6 

16 

a-EstradioI 

5 

0.61 

990 

i 18 ; 

: 92 

xr 

2 


5 

0.06 

11020! 5 1 

16 

7 

5 

Testosterone -f MDDA 

2 

5 - 6 , 4-6 

1 870 

152 j 

1 1^9 

51 

— 2 


5 

6.9,0.12 

920 

15 

i 60 

20 

s 

MDDA 

5 

4.8 

760 

126 

i 225 

44 

-6 


5 

0. 10 

1050 

27 

52 

i 4 

I -5 

i-Methylcstrone 

4 

0-33 

920 

3 

-*2I 

! 6 

8 

r-Methylcstradiol 

4 

2.2 

960 

16 

1 

1 ® 

2 


greatly as the androgen. Furthermore, a-estradiol in contrast to testosterone be- 
came less effective with continuation of treatment. The greatest increase occurred 
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after 10 days of treatment (table 3). The simultaneous administration of the andro- 
gen and the estrogens always resulted in a summation of their arginase-stimulating 
properties (tables 3, 4). 

Testosterone produced the expected decrease in concentration of ‘alkaline’ and 
no effect in ‘acid’ phosphatase activities (table 2). The total activity of the latter, 
however, was increased in proportion to the increase in kidney weight. The estro- 
gens were ineffective except for the small decrease produced at the high dose of a- 
estradiol. Furthermore, the estrogens did not influence the effect of the androgen on 
these two enz3maes. 

Liver enzymes. MDDA administered singly or with testosterone (table 5) pro- 
duced a remarkable increase in the arginase activity at the high dose level and a much 
smaller increase at the low dose level. No noteworthy changes were evident in the 
rest of the experiments. The ‘alkaline’ phosphatase activity also was remarkably 
increased by MDDA and to a lesser degree by a-estradiol. At the low dose level the 
MDDA :was much less effective and a-estradiol was ineffective. The ‘acid’ phos- 
phatase was moderately increased only by MDDA at the high dose. The methylated 
estrogens did not influence the activities of any of the enzymes. 

Kidney and- liver nitrogen.'^ There were no remarkable changes in the nitrogen 
(protein) concentration of either the kidney or tlie liver in any of the experiments 
(tables 4, s). In general the change in organ weight was accompanied by a propor- 
tionate change in protein content. 


DISCUSSION 

The opening of the 5 ring in a-estradiol and the addition of the methoxy group 
to produce MDDA greatly increased its rate of absorption with a concomitant in- 
crease in its physiological effects. The introduction of a methyl group in the one 
position also increased the rate of absorption of a-estradiol, but very greatly reduced 
its physiological properties. A similar change in the estrone molecule, however, did 
not change its rate of absorption but did greatly reduce its physiological effects. It 
would seem that the phenolic A ring plays a very important part in the physiological 
properties of the estrogens. 

The very marked loss in body weight produced by the higher doses of the estro- 
gens is well known (cf. 8). It resembles the results of inanition. The amount of 
food eaten, however, was not determined. 

It is dfficult to state whether the toxicity of the estrogens was due to the effects 
of urinary retention or estrogen imposed starvation. It is of special significance that 
testosterone instead of protecting against these phenomena actually exacerbated 
them. The estrogens, on the other hand, had a marked inhibitory effect on the 
androgenic property of testosterone. Numerous reports (cf. 8) indicate that andro- 
gens and estrogens may have a mutually antagonistic or cooperative effect on vari- 
ous parts of the genital tract depending on relative doses. 

The decrease in the androgenic activity of testosterone by MDDA and a- 
estradiol was not accompanied by a similar decrease in renotrophic activity. Thus, 


* Katherine Clancy and Carolyn Abbott carried out these determinations. 
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the combination of the two hormones produced a relationship between the weights 
of these two organs similar to that produced by androstanediol-3a, 17a and its 17- 
methyl derivative (i, 7, 9). 

The smaller increase in the arginase activity of the kidney at the higher than 
at the lower dose of a-estradiol and MDDA was probably due to the greater toxicity 
and loss of body weight. Inanition decreases the kidney arginasc-stimulating prop- 
erty of the androgens (4). It is noteworthy that there was a summation of the 
arginase stimulating property of testosterone and estrogens. This is in contrast to 
the effect of the anterior pituitary growth hormone which markedly decreases this 
property of testosterone without affecting the androgen's renotrophic property (un- 
published). 

The failure of the estrogens to produce any changes in the kidney phosphatases 
is in agreement \vith the previous study (2). It is of special significance that the 
urinar>" retention was not accompanied b}'’ a decrease in the ‘alkaline’ phosphatase, 
since this is the first change noted after ligature of the ureters (10), Indeed this 
enzyme and also arginase nearly completely disappear as the kidney's become non- 
functional (ii). 

The remarkable increase in the arginase activity of the liver produced by MDDA 
is specially noteworthy. This phenomenon was not apparent, moreover, until a 
very great excess of the estrogen was absorbed — a reverse of the enz3Tne effect noted 
in the kidney. The effect of MDDA on the ‘alkaline’ phosphatase of the liver was 
even greater than that on the arginase. Furthermore, this increase was noted at the 
lower dose and also after a-estradiol treatment. A smaller increase in the ‘acid’ 
phosphatase was noted only with the high dose of MDDA. The loss in body and 
liver weight suggests that the increases in these liydrolytic 60x3^03 of the liver may 
be a reflection of the great demands placed on endogenous protein. Indeed, this 
may be indicative of the depletion of protein reserves and a breakdown of xdtal pro- 
tein structures. The effect on the arginase and ‘acid’ phosphatase activities was not 
apparent until the dose of the estrogen was so great that it caused the death of many 
of the mice. 

SUMMARY 

Male mice castrated at 17- to 19-gm. body weight were implanted subcutaneously 
with a pellet of testosterone, a-estradiol, methoxybisdehydrodois3Tiolic acid 
(MDDA), i-methylestradigl and i-methylestrone. The first two estrogens also were 
implanted as pellets consisting of one part of estrogen and three parts of cholesterol 
and simultaneously with a pellet of testosterone. All of the experiments were for 16 
days. In addition the testosterone and a-estradiol experiment was performed at 10 
and 30 days. The rate of absorption of MDDA was about eight times and that of 
i-methylestradiol 4 times that of a-estradiol. The introduction of the i-methyl 
group into estrone did not alter its rate of absorption from a pellet. The simultane- 
ous implantation of a pellet of testosterone did not influence the rate of absorption of 
a-estradiol or MDDA. 

MDDA and a-estradiol as pure pellets greatly reduced the body weight in a 
manner resembling inanition. There was a concomitant retention of urine which was 
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exacerbated by the simultaneous administration of testosterone. Also deaths 
occurred only in those mice that were implanted with both testosterone and pure 
pellets of MDDA or a-estradiol. 

The renotrophic property of testosterone was not altered, but the androgenic 
property was greatly reduced by both a-estradiol and MDDA. The increase in 
arginase activity produced by testosterone and MDDA or a-estradiol summated 
when the androgen and either of the estrogens were administered simultaneously. 
The estrogens did not influence the effect of the androgen on either ‘alkaline’ or 
‘acid’ phosphatase. MDDA at the high dose produced a remarkable increase in the 
arginase activity of the liver; a-estradiol was ineffective. MDDA also produced a 
remarkable increase in the ‘alkahne’ phosphatase at the high dose and a-estradiol a 
moderate increase at its high dose. MDDA stimulated a small increase in ‘acid’ 
phosphatase at the high dose; a-estradiol was ineffective, i-methylestradiol and 
i-methylestrone were ineffective in all of the above tests. 
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FECT OF TESTOSTERONE PROPIONATE ON NITROGEN 
AND CHLORIDE EXCRETION AND BODY WEIGHT 
OF CASTRATED RATS DURING REC0\T:RY 
FROM FASTING*' 5'=^ 

CHARLES D. KOCHARIAN, LAURA COHN, ELLEN QUIGLEY and 

EDITH TRYBALSKI 

n the Department of Physiology and Vital Economics, Unkersity of Rochester School of 

Medicine and Dentistry 

ROaiESTEn, NEW YORK 

INCE testosterone propionate is known to stimulate protein-anabolic proc- 
^ esses (see 1-3 for reviev/s of literature), it was decided to determine whether 
^ this steroid w'ould hasten protein repletion after exhaustion of reserve stores 
complete removal of food from adult rats until shortly before death. 

EXPERIMENTAL 

Animals. The rats were of the Wistar strain from our colony. 

Diet. Each rat received 9.5 gm. of the folloiving diet: casein 16.7, sucrose 61.2, hydrogenated 
;etable oil 7.4, cclluflour 1.8, Wesson’s (4) salt mixture 3.7 and drj' brewers’ yeast (Fleischmann 
. 2019) 9.2. The ingredients were mixed in a Hobart mixer and kept at 5°C. Each new batcli 
5 analyzed for nitrogen. The average nitrogen content was 2.95 per cent. Supplements of two 
ips of cod liver oil and one drop of wheat germ oiI‘ diluted lo-fold with wesson oil were given each 
r. Each rat ate all of its food except a small amount of spill, o.i to 0.3 gm/day, which was weighed 
3 subtracted from the given amount. Distilled water was provided ad libitum. 

Procedure. The rats were placed in individual metabolism cages similar to those used by Swift 
d. (s)j figure 2, or metal cages in racks manufactured by the Noivvdeh Wire Works (fig. 3). The 
nperature of the room was maintained at 78 to So^F. 

The rats were weighed and fed at the same time each day. The injections were made Just 
fore or after feeding. In the first experiment (fig. 2), fecal periods of seven days were separated 
mixing 0.4 gm. of animal charcoal into the food of the last day of the period. The feces were 
llected daily and saved until the end of the period in 75 ml. of 30 per cent sulfuric add in which 
ey disintegrated on warming. Fecal nitrogen was not determined in the second experiment. The 
ine of each rat was washed from the receptacle and the cage with warm distilled water. Thymol 
3 per cent benzoic add in 50 per cent ethyl alcohol (6) was used as a preservative. The urine ed- 
ition periods were two, two and three days each week except in the prefasting period and the last 
days of experiment i (fig. 2) when the collection periods were extended to seven days. 

Nitrogen determination. The micro-Kjeldahl procedure was used for all nitrogen determina- 

Received for publication September 22, 1948. 
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L. Harris. 

272 


November ip4S 


.TESTOSTERONE AND PROTEIN ANABOLISM 


273 


lions except that aliquots of the diets were digested by the macro procedure, made to a given volume 
and duplicate aliquots distilled by the microprocedure. 

Chloride determination. The metliod of McKittrick and Schmidt (7) was used for the deter- 
mination of the chloride in the urine and the diet of experiment 1. 

RESULTS 

Delcrminalion of length of surdval of rats mthout food. In order to determine 
how long the rats of our colony could surtdve without food, 5 adult male rats, varying 
in body weight from 250 to 348 gm. (fig. i), from the stock colony were placed in 
individual cages without food but with tap water ad libitum until they died. The 
body weights were recorded daily. The average survival period was 15.4 ±1.7 
days. The body weight decreased to 45.6 rfc 4.1 per cent of the original body weight. 

Experiment i. Prolonged injections of testosterone propionate. The rats were 
castrated approximately 150 days before the beginning of the fasting period. After 
12 days without food one rat died. Death in all probability was due to starvation 


Fig. I. Effect OF FASTING on 
the body weight and the survival of 
male rats. The rats were placed in 
individual cages without food but 
water ad libitum. They were 
weighed daily. 




\ 


for no gross pathology was observed. The survdvors, therefore, were given food 
At the same time 5 of the rats were injected with 2.5 mg/day of testosterone pro- 
pionate® and the other 4 were injected with o.i ml/day of sesame oil. 

It seemed at first that the rats injected with testosterone propionate were going 
to show a much greater increase in body weight than the controls (fig. 2). The 
initial spurt, however, was of relatively short duration, a maximum difference in 
body weight of ii gm. was attained at the 20th and 21st days. It was followed by a 
much slower rate of gain in body weight so that by the 31st day the control rats 
had attained the same weight as the injected animals and continued to gain while 
the treated rats were no longer or only slightly increasing their body weight. 

The rats which were to be injected lost an average of 75.4 gm. of their body 
weight during the period of fasting and, the control rats 79.0 gm. The average loss 
of the two groups was 77 gm. At the end of the experiment the former animals had 

® The testosterone propionate was provided as perandren by Ciba Pharmaceutical Products 

Inc. 
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regained 68.4 gm, and the latter, 76.8 gm. of their body weight. The increase in 
seminal vesicles and prostates contributed 5.7 gm. to the body weight of the in- 
jected rats. Therefore, the control rats gained 8,4 gm. more than the injected rats, 
but if the accessory sex organs were discounted they gained 14. i gm. 

The testosterone propionate stimulated an extra nitrogen retention of 0.689 
gm. or the equivalent (8) of 20,7 gm. of tissue. Practically all of this retention 




Fig. 2. Expcrimcnl i. Vvi’zcx 
OF TIvSTOSTERON'E PROPJONATE OH 
the recover}' of castrated male 
rats from a 12-day fast. The rats 
were fed a constant amount of food 
before and after the fasting period. 
T.P. = testosterone propionate; 
S.O. = sesame oil. 


occurred during the first 16 days of rehabilitation and accompanied the initial spurt 
of increase in body weight. Thereafter, the two groups of rats excreted approxi- 
mately the same amount of nitrogen. At no time, however, did the injected ani- 
mals lose any of the retained nitrogen. The nitrogen retained was due entirely to 
excretion of less nitrogen in the urine. The fecal nitrogen was not affected by the 
injections of the androgen. 

The testosterone propionate injected rats excreted a consistently smaller amount 
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of chloride than the control rats during the periods of nitrogen retention. It is of 
interest that the amount of chloride excreted in the prefasting and the post-retention 
periods was identical to that fed. Also that the amount in the urine rapidly disap- 
peared on the withdrawal of food and immediately returned to its previous level 
on refeeding. 

Experiment 2. Post-injection effects. The rats had been castrated and their 
food intake adjusted over a period of 150 days so that they were in body weight 
equilibrium for several weeks prior to starvation. The results during the fasting 
and the injection periods were remarkably similar to those obtained in the previous 
experiment. Thus a decrease in dose from 2.5 to i.o mg/day did not lower the 
effectiveness of the androgen. 


Fig. 3. Experiment 2. Effect 

OF TESTOSTERONE PROPIONATE and 
subsequent withdrawal on the re- 
covery of castrated male rats from 
a 12-day fast. The rats were fed 
a constant food intake before and 
after the fast. 



Both groups of rats lost exactly the same amount, 76 gm., in body weight during 
the 12 days of starvation. The testosterone propionate accelerated the restoration 
of the body weight so that during the 17th to 20th days the treated rats had gained 
10 gm. more than the controls. Thereafter, the difference in body weights began 
to decrease and on the 28th day the injections were stopped. An immediate cessa- 
tion followed by a small loss, 4 gm., in body weight resulted. Part of this loss in 
weight was undoubtedly due to regression of the accessory sex organs (cf. 9-1 1). 
The control rats, on the other hand, continued to increase in weight and soon sur- 
passed the treated rats. After the initial depression in body weight, the treated 
rats began to increase in weight again and at a faster rate than the controls. At 
about the 130th day the two groups of rats weighed about the same and their body 
weights were progressing at the same rate. 
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The changes in urinary nitrogen excretion paralleled the changes in body weight. 
The control rats excreted an insignificantly greater amount, 32 mg., of nitrogen 
during the 12-day starvation period. The average values for the last 10 days, how- 
ever, were identical for both groups. The injection of the androgen markedly 
increased the retention of nitrogen. The greater retention of nitrogen was imme- 
diately apparent and continued at the same rate for 14 days, then began to decrease, 
but was still apparent at the termination of the injections. The androgen stimu- 
lated a total nitrogen retention of 630 mg., or the equivalent (8) of 18.4 gm. of tissue, 
more than the controls during the 28 days of injection. On cessation of injections, 
the treated rats lost 399 mg. of nitrogen, equivalent (8) to 11.7 gm. of tissue, during 
the first 35 post-injection days but retained 134 mg., or the equivalent (8) of 3.9 
gm. tissue, during the subsequent 16 days. Thus, the injected rats had an overall 
positive nitrogen balance of 365 mg. or 10.7 gm. of fat-free protoplasm more than 
the control rats. Since the body weights of the two groups of rats were restored 
to the same level, the injected rats probably lost an equal amount of fat (12). 

DISCUSSION 

These experiments demonstrate that testosterone propionate not only acceler- 
ates but also increases the degree of protein repletion after exhaustion of reserve 
stores by starvation. Tlie effect, however, soon ‘wears off’ in spite of the fact that 
the animals are in a state of repletion. It is not due to the inhibition of growth' 
stimulators from other endocrine organs. The same phenomenon has been observed 
in normal, castrated, hypophysectomized and adrenalectomized male rats and in. 
normal and ovarectomized female rats injected with testosterone propionate while 
on a constant food intake (12). 

The cessation of nitrogen retention, however, does not mean that the androgen 
is no longer effective. Metabolic processes still are stimulated. The accessory sex 
organs and the kidney continue to grow (12). Since there is no further nitrogen 
retained, the essential materials for these organs must be obtained directly or di- 
verted from other tissues, e.g. muscle. This preferential stimulation to growth of 
the accessory sex organs at the expense of other tissues also has been observ^ed in 
chronically undernourished mice (13) and in fasting dogs (14). 

The changes in body weight are similar to those observed in growing young 
adult normal and castrated rats injected with testosterone propionate (12). 

The differences between the observed changes in body weight and those cal- 
culated from the nitrogen retained probably are due to a smaller deposition and/or a 
greater utilization of fat. The chloride values of the urine indicate that no exces- 
sive gams or losses in water occurred. Furthermore^ testosterone propionate de- 
creases the fat content of the carcass of rats fed either a constant amount or ad libilwn 
(12) and mice fed ad libitum (12, 15). 

The extra nitrogen retained by the androgen-treated rats was much more than 
could be accounted for by the increase in weight of the seminal vesicles and prostates. 
In the first experiment, nitrogen equivalent to 20.7 gm. of tissue was retained while 
the seminal vesicles and prostates weighed 5.7 gm. In the second experiment, there 
was a loss of much of the retained nitrogen after cessation of injections, but the 
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equivalent of 10.7 gm. of tissue still was retained at the end of the experiment. 
This amount of protoplasm v.'as incorporated into tissues other than the accessory 
sex organs, kidney or liver for these organs rapidly regress on withdrawal of androgen 
(9-1 1 ). 

It may be concluded that testosterone projnonate accelerates protein rcplcnisii- 
ment, but the treatment should be confined to the period of nitrogen retention. 'Fhe 
androgen has been used successfully in several clinical studies (cf. 


SU^^.MAKY 

Adult white castrated rats were brought into body weight equilibrium and about 
150 days after castration were subjected to 12 days of sLarvation. They v.'crc tlicn 
fed a fixed amount of food and one-half of the animals were injected with testosterone 
propionate at 2.5 mg/'day in the first and 1.0 mg/day in the second experiment. 
The rats injected with the androgen showed an initially more rapid rate of gain in 
body weight accompanied b}' a greater retention of nitrogen. .After about the 2ot)i 
day the body weight began to increase at a much slower rate so that if the injections 
were continued the weight of the control rats attained and surpassed that of the 
injected rats. At the same time the nitrogen retention decreased so that there was 
no difference between the amount of nitrogen excreted by the control or injected 
rats. On the other hand, if the injections were stopped after 28 day.s, there was at 
first a cessation and a loss in body weight accompanied by a loss in nitrogen, then 
the body weight increased to that of the controls. Tlie nitrogen rctainc-ri v.ms mucli 
more than could be accounted for by the increase in size of the seminal vesicles and 
prostates. Furthermore, there was a loss of other material, probably fat, for the 
obscrx'cd body weight changes were less than calculated from the nitrogen retained, 
'flic fecal nitrogen and urinar}' chloride excretions were not significantly affected 
by the androgen. 
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RENAL CLEARANCE OF ALLANTOIN AS A MEASURE OF 
GLOMERULAR FILTRATION RATFJ 

MEYER FRIEDMAN, SANFORD O. BYERS axd PAUL M. ABRAHM 
Harold Brnnn Imtilulcfor Cardiovascular Research, Mount Zion Hospital 

SAN TRANaSCO, CAUTORNIA 

I N A previous study (i) the renal clearance of allantoin in the rat and dog was 
found to be similar to that of exogenous creatinine. Furthermore, the allantoin 
clearance of the dog was found to be independent of the blood concentration of 
allantoin. These two observations of course suggested that the renal clearance of 
allantoin was a measure of glomerular filtration rate in these two species. This last 
phenomenon was not surprising after the physico-chemical similarity of allantoin and 
creatinine was discerned. 

In view of the fact that the renal tubule of the rat and dog seemingly could not 
reabsorb allantoin (a substance naturally present in their blood) from the glomerular 
filtrate, it seemed possible that the renal tubule of the human subject (w’hose blood 
usually contains no allantoin) also might not be able to reabsorb allantoin. Accord- 
ingly, the renal clearance of allantoin was measured in a series of normal subjects and 
in patients suffering from cardio-renal disorders. The clearances obtained also were 
compared with those of inulin when the latter clearances were done concomitantly in 
the same subjects. The results of these clearances suggested that the clearance of 
allantoin in man was a measure of the glomerular filtration rate. 

METHODS 

Pcrfor^nance of the Clearances. Preliminary studies (2) had indicated that an 
average blood concentration of approximately 5 to 6 mg. of allantoin per 100 cc. was 
obtained tw’o hours after the oral ingestion of 10 gm. of allantoin. Furthermore 
little change occurred in the blood concentration three hours after oral ingestion. 
Accordingly, each patient received 10 gm. of allantoin dissolved in 500 cc. of orange 
juice at 8:00 a.m. on the day of the experiment. He was then kept at bed rest until 
9:30 A.M. at which time he was catheterized and given 1000 cc. of H2O by mouth. 
At 10; 00 A.M. the bladder %vas emptied, washed out with normal saline solution, a 
blood sample taken and the first urine collection begun. At 10:30 a.m. the bladder 
was emptied again, washed out with saline solution and a second blood sample was 
obtained. The second urine collection began immediately after the bladder had been 
washed and emptied. At 11:00 a.m. the second and final collection period was 
tenniaated and a third blood sample %vas obtained. The allantoin clearance of each 
subject then was calculated as an average of the clearances obtained for the two 
collection periods and corrected to 1.73 square meters of surface area. 

Received for publication September 6, 1948. 
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Subjects upon whom the inulin clearance also was performed were prepared for 
their allantoin clearance exactly as described above except that at 9:30 a.m. they 
received 10 gm. of inulin dissolved in 100 cc. of normal saline solution by vein in 
five minutes, followed by a continuous intravenous infusion of an inulin solution 
(200 mg. of inulin/ 100 cc. of normal saline solution) at a rate of 4 cc./minute until 
11:00 A.M. The three blood and two urine samples obtained during the clearance 
periods were analyzed for both allantoin and inulin. 

Chemical Determination of Allantoin and Inulin. Allantoin in blood plasma and 
urine was determined primarily according to the method of Christman el al. (3) 
with an adoption of one of the suggestions of Young and Conway (4). 

The actual procedure for small quantities of plasma was as follows: plasma sam- 
ples were prevented from clotting by the addition of lithium oxalate (1.5 mg/cc. of 
original blood). SLx volumes of a washed yeast-saline suspension (3 gm. of wet 
washed yeast in 12 cc. of normal saline solution) were added to one volume of plasma, 
mixed and allowed to ferment for 10 minutes at room temperature with occasional 
shaking. Plasma proteins then were removed with one volume of 10 per cent sod- 
ium tungstate solution and two volumes of N/3 sulphuric acid. Two cc. of protein- 
free supernatant fluid were pipetted into a test tube, the remainder being reserved 
for uric acid assay. Equal volumes also of i) a reagent blank (distilled H2O), 2) a 
uric acid correction blank (0.5 mg. % uric acid), 3) a standard solution of allantoin 
(0.2 mg. % allantoin) and 4) a yeast blank (protein-free supernatant fluid from 
yeast-saline suspension) were made up at this point and placed into similar test 
tubes. 

To each tube, 0.4 cc. of a N/2 NaOH was added, the contents mixed and the 
tubes placed in a boiling water bath for seven minutes. They were cooled for three 
minutes in a bath at 2o°C. The N/2 HCl (0.52 cc.) then was added to each tube 
and mixed and the tubes were immersed in boiling water for exactly two minutes. 
They were immediately transferred and cooled in a bath at — 10° C. for three minutes. 
Ice-cold phenylhydrazine (0.4 cc. of a 0.33 % solution of phenylhydrazine hydro- 
chloride) was added to each tube and mixed and the reaction allowed to proceed for 
15 minutes fn a bath maintained at 3o°C. After this, the tubes were immersed 
again in a b ath at — io°C. for three minutes. At the end of this time, 1.6 cc. of 10 
n/HC 1 (previously cooled to — io°C.) were added to each tube. Then, without 
mixing, 0.4 cc. of a potassium ferricyanide solution (1.64 gm. % ) previously cooled 
to o°C. was added to each tube. A clock was started, each tube mixed by inversion 
against waxed paper and the contents of each tube poured into respective colorim- 
eter tubes placed and kept in a water bath at 2o°C. The color density was read 
in a Klett colorimeter against green filter No. 54. The entire series of tubes were 
read in succession, then readings were repeated until at least three had been obtained 
for the entire series between 6 and 30 minutes after color development had started. 
Calculations were made from the maximum values recorded. 

A separate assay for the uric acid content of each unknown was performed ac- 
cording to the method of Folin (5), in order to determine the correction value. 

The usual correction for uric acid was found to be 20 per cent of the value ob- 
tained for an equal concentration of allantoin. It should be stressed that for cUn- 
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ical purposes a standard correction value may be assured without individual deter- 
minations of plasma uric acid, if the latter is not pathologically elevated. 

Determination of the allantoin content of urine samples was carried out exactly 
as above except that i) the urine was usually diluted until its allantoin content was 

Table i. Renal clearance of allantoin and inclin i.n normal subjects and in patients 

WTU cardiorenal disorders 
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AM 

F. ! 

24 j 

it 

8-3 

5-9 

6.2 

5-5 

92.0 

104.0 

0.88 

KK 

M. i 

53 I 

a 

3-6 

6.9 

6.8 

6.9 

85.0 

89.0 

0.96 

AB 

M. 

37 I 

it 

4-5 

4-2 

4-5 

3-5 

105.0 

123.0 

0.85 

RN 

M. 

14 

Coarctation 

4-1 ‘ 

6.9 

7-4 1 

7-3 

84.0 

81.0 

' 1-03 

ND 

M. 

53 

Nephritis 

4-4 

6.8 

7-0 

7.1 1 

97.0 

103.0 

0.94 

VN 

F. 

36 

<( 

3-5 

6.8 

1 7-1 , 

1 

7 -^ 1 

57-0 

45-0 

i 1.26 

Average 



4-7 

7.0 

7-6 

7-3 ] 

95-0 

98.0 

0.99 


1 U.V. equals urine volume in cc/min. - P.A.C. equals plasma allantoin concentration in 
mg/ioo cc. ®A.C. equals allantoin clearance in cc/min./r.73 sq. M. ■‘I.C. equals inulin 
clearance in cc/min./i.73 sq. M. *'A.C./I.C. equals ratio of allantoin to inulin clearance in 
cc/min. 

in the range of the standard allantoin solution and 2 ) preliminary treatment with 
yeast and deproteinizing chemicals was omitted. 

Inulin in plasma and urine was determined according to the method of Hubbard 
and Loomis (6) modified, however, in that the hydrolysis of inulin was accomplished 
by the addition of a mixture of two parts of saturated alcoholic HCl and one part of 
concentrated aqueous HCl alone. Occasionally, turbidity may result following the 
addition of this mixture to blood filtrates, but this disappears on heating. The 
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hydrolysis itself was carried out for 10 minutes at 78°C. The resultant color de- 
velopment was read in a Klett photoelectric colorimeter with filter No. 54. 

RESULTS 

As table i A indicates, the average allantoin clearance of 9 normal subjects was 
123.0 cc/minute (range: 107.0-147.0 cc/min.). The average inulin clearance per- 
formed on 4 of these subjects was 115 cc. (range: 96.0-135 cc.). The ratio of the 
allantoin to the inulin clearance in tliese 5 subjects was 1.04 (range: 0.88-1.20). 
Most of the II patients studied (table i B) were suffering from hypertension of the 
malignant type. Thus the average allantoin clearance was reduced, being 95.0 ccy 
minute (range: 57.0-119.0 cc.). The average inulin clearance also performed upo^^ 
these subjects was 98.0 cc/minute (range: 45-123.0 cc.). The ratio of the allantoi^^^ 
to the inulin cleiarance was 0.99. 

DISCUSSION 

The similarity in values given by the allantoin and inulin clearances, when per- 
formed concomitantly upon both healthy subjects and upon patients suffering from 
possible reduced renal function, left little doubt that the former type of clearance 
was a measure of glomerular filtration rate in man just as it had been found to be in 
the rat and dog (i). 

Besides the absence of signs of toxicity following the ingestion of allantoin and 
the relatively simple and straightforward chemical determination of its presence in 
blood and urine, its utilization in the estimation of a subject’s renal filtration rate 
offered another advantage. Thus, the solubility of allantoin and its ability to be 
absorbed from the gastrointestinal tract at an apparently stable rate allowed the 
opportunity to perform a clearance without the necessity of a continuous intravenous 
infusion of the substance in a large volume of fluid during the test itself. Further- 
more, catheterization is not mandatory since the patient may rise to void his urine 
during the clearance test. 

SUMMARY 

The average renal allantoin clearance of normal human subjects was found to 
be 123.0 cc/minute. When both the allantoin and inulin clearances were performed 
on the same subject, they were approximately the same. It appears that the renal 
clearance of allantoin offers a very safe and simple assessment of the glomerular 
filtration rate in both the normal subject and one suffering from cardiorenal disease. 

REFERENCES 

1. Fiuedman, M. and S. O. Byers. Am. J. Physiol. 151: 192, i947- 

2. Friedman, M. and S. 0. Byers. Proc. Soc. Exptl. Biol. Med. 66; 322, 1947. 

3. Christman, A. O., P. W. Foster and M. B. Esterer. J. Biol. Chem. 155: 161, 1944. 

4. Young, E. G. and C. F. Conway. J. Biol. Chem. 142: 83, 1942. 

5. Foltn, O. j. Biol. Chem. 86: 179, 1930. 

6. Hubbard, R. S. and I. A. Loomis. J. Biol. Chem. 145; 641, 1942. 



SBIULTANEOUS CLEARANCE DETER^^IINATIONS 

IN THE RAT 

RICHARD W. LIPPMAN'-^' 

From the Department of Medicine, Stanford University School of Medicine 
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and the Institute for Medical Research, Cedars of Jxhanon Hospital 

LOS AKGELES, CAUFOEKEV 

S imultaneous measurement of glomemlar filtration rate bj’’ inulin clear- 
ance, and of renal plasma flow by p-aminohippurate (PAH) clearance, has 
become a widely used and accepted practice. If such determinations are to 
have more than relative validity, it is necessary to know that the clearance substances, 
in required quantities, do not mutually affect the values which they are intended to 
measure. This study was performed to investigate such interrelationships in the 
rat. 


ilETHODS 

Clearances were measured by the 'tailcutting’ method previously reported in detail (i). The 
clearance substance was injected subcutaneously and blood was obtained from the tail at the start of a 
clearance period. Urine was collected for one hour and blood was obtained from the abdominal 
aorta at the end of the clearance period. 

The use of groups has been discussed in our earlier reports. In this study 253 normal rats were 
used, divided into groups of 8 to 10 rats each. The groups were chosen for uniformity in size and sex 
and specimens of blood and urine within each group were pooled for determination. 

Inulin was determined by the method of .Alving, Rubin and Miller (2). The P.MI was deter- 
mined by the method of Smith el. at. (3).’ In calculating clearances, mean serum concentrations 
were used, obtained by assuming a logarithmic rate of fall from the initial to the final concentration, 
after a single injection. Kidney weight (KWO was measured at autopsy after the clearance period 
and the clearance was expressed in terms of the measured weight. 

RESULTS AND DISCUSSION 

The inulin clearance fell steadily as the serum concentration of PAH was in- 
creased. At a PAH level of 62.5 mg/100 cc., the inulin clearance was about 65 per 
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cent of that measured in the absence of PAH (table i). The PAH clearance (table 
2) fell substantially in the presence of increasing serum inulin concentrations. At 


Table i. Relation of inulin clearance to increasing serum pah concentration 


' 



URINE VOL. 
CC/M 1 N/CM. KW 

MIDPOINT SERUM 

INULIN 

GROUP NO. 

MEAN GM. BW 

MEAN MG. KW 

PAH CONC. 

CLEARANCE 




mg/ioo cc. 

CC/MIN/GM. KW 

75A. 

181 

1165 

.004 

0 

I -13 

75B 

183 

1204 

.024 

0 

1. 12 

69 

170 

1108 

.020 

0 

I-2S 

74 

152 

964 

.008 

0 

1. 16 

77 

161 

iiii 

.014 

2.76 

1. 19 

78 

144 

992 

.008 

3-94 

1. 01 

54 

167 

1051 

.009 

4.01 

1. 12 

53 

167 

1131 

.009 

7.58 

1.02 

66 

176 

1164 

.009 

8.16 

I-2S 

84 

159 

113s 

•015 

9.29 

1.18 

61 

176 

1092 

.009 

10.40 

I. 00 

86 

154 

1109 

.010 

11.32 

1.08 

71 

175 

1190 

.Oil 1 

17-65 

0.998 

67 

179 

1172 

.oil ; 

23-9 

0.951 

68 

174 

1157 

.013 

26.2 

0.916 

82 

152 

1040 

.013 

33-5 

1 .04 

90 

166 

1146 

.007 

36.3 

0.894 

99A 

m 

1 1172 

.014 

38.1 

0.916 

58 

184 

1099 

.013 

38.2 

0.863 

lOI 

176 

1251 

.012 

38.6 

0.873 

76 

160 

1059 

.013 

46.5 

0-837 

143 

155 

1040 

.013 

49-1 

0.788 

81 

158 

ms 

.014 

62.5 

0.759 

Table 2. 

Relation of pah clearance to increasing serum inulin concentration 

j 



URINE VOL. 
CC/MIN/CM. KW 

MIDPOINT SERUM 

CLEARANCE PAH 

: cc/min/gm. K^V 

GROUP NO. 

MEAN GM. BW j 

MEAN MG. jaV 

INULIN CONC. 

' mg/ioo cc. 

31 

176 

1037 

.024 

0 

4.02 

30 

179 

1088 

.020 

0 

3-90 

28 

181 

1162 

.016 

0 

4.67 

25 

i8r 

1178 

.Oil 

0 

3-90 

23 

181 

1218 

.008 

0 

4-35 

84 

159 

II 3 S 

•015 

30-9 

3-34 

77 

I6I 

IIII 

.014 

46.8 

3-73 

54 

167 

1051 

,009 

59-6 

3-05 

61 

176 

1092 

.009 

60.0 

2.66 

66, 

176 

1164 

.009 

60.0 

3-18 

86 

154 

1109 

.010 

64.9 

3.01 

53 

167 

1137 

.009 

70.8 

3.28 

78 

144 

992 

.008 

73.8 

2.87 


an inulin concentration of 73.8 mg/ 100 cc., the PAH clearance was about 69 per cent 
of that measured in the absence of inulin. 
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By plotting the excretion of PAH against the serum PAH concentration, in the 
presence of a relatively constant serum inulin concentration, a break in the graph 
was observed at a level of 15 to 20 mg/100 cc. (fig. i). This presumably defines the 
level at which tubular saturation is obtained. 

The possibility that simultaneously administered substances might interfere 
with the measurement of renal function has been suggested previously. Klopp, 
Young, and Taylor (4) found in man that high plasma glucose concentrations de- 
pressed PAH clearance and Tmp^n, while high plasma PAH concentrations increased 
the tubular reabsorption of glucose. In the dog, Houck (5) found that Tmp.^n was 
depressed by high plasma glucose concentrations, but Tm,.i„co!e vras also depressed 
by high plasma PAH concentrations, though the effect was not as marked. Craw- 
ford (6) recently found that the ratio of e.xogenous creatinine clearance to inulin or 

O-Bi 

0-7 

0-6 

0-5 

Fig. I. Reiatiox of PAH 
excretion to serum concentration. 

0-3 

0-2 

0-1 


O 10 20 30 40 50 60 70 

SERUM CONCENTRATIOM PAH IH MG. %. 

thiosulfate clearances was reduced in man by saturation with diodrast or PAH. 
Previous reports of determinations on rats (7-1 1) have not considered the possible 
interference of clearance substances. 

The findings just mentioned concern interferences between processes, both medi- 
ated by tubule cells; secretion and reabsorption. Our findings indicate that a sub- 
stance administered to measure tubular function affects the measurement of glo- 
merular filtration rate in the rat, as well. 

The results presented here might be a consequence of several different factors: 
i) pharmacological action of the substances used, 2) impurities in the chemical sub- 
stances and 3) chemical interference in the methods of determination. We can dis- 
pose of the last possibility easily. Increasing amounts of PAH did not affect the 
determination of a standard inulin solution in concentrations simulating those ob- 
tained in the clearance studies. Likewise, increasing amounts of inulin did not affect 
the determination of a standard PAH solution. 
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It is well known that large doses of PAH produce transient vasomotor effects in 
man and it is not unreasonable to suppose that similar effects occur with more per- 
sistence in the rat. The PAH solution ordinarily obtained contains a brown dis- 
coloration, presvunably due to oxidation products, offering another source of vaso- 
motor disturbing agents. 

We have consistently obser\'^ed that, after injecting PAH for clearance deter- 
minations, the difficulty in obtaining tail blood specimens is directly proportional to 
the dose of PAH. In addition, after large doses of PAH, the superficial foot veins 
appear markedly collapsed. It may be noted in table i that the reduction in inulin 
clearance first becomes pronounced as PAH saturation levels are approached, while 
no effect is perceived at ver}’’ low PAH concentrations. 

Friedman, PoUey and Friedman (ir) state that tubular saturation for PAH is 
reached at plasma concentrations of 5 to 6 mg/ 100 cc. They found no maximum 
value for tubular excretion of PAH and suggested that the filterable portion of PAH 
changes at high concentrations.'* It would seem from their data that none of their 
determinations were performed at levels sufficiently elevated to obtain tubular 
saturation. 

From these observations, it is concluded that interference between inulin and 
PAH, as obtained commercially, prevents their simultaneous use in the rat to obtain 
physiological values for glomerular filtration rate and maximum rate of tubular 
excretion. Values obtained simultaneously will reflect variations in the concentra- 
tion of the clearance substances, as well as the conditions of measurement and physio- 
logical changes. 


SXJMMARY 

Increasing serum concentrations of PAH reduced the inulin clearance in the 
rat by one third, an effect that was perceived as the serum PAH concentration 
approached tubular saturation levels. Increasing serum concentrations of inulin 
reduced the PAH clearance similarly. 
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HEPATIC AND PERIPHERAL REMOVAL RATES, IN THE DOG, 
FOR INTRAVENOUSLY INJECTED BROMSULPHALEIN 

CLARENCE COHN, RACHMIEL LE\aNE and MURIEL KOLINSKY 

Fmn the Department of Biochemistry and. the Department of Metabolism and Endocrinology, 
Medical Research Institute, Michael Reese HospilaP 

CHICAGO, ILIXNOIS 

I N ORDER to measure hepatic blood flow or maximal hepatic transfer capacity 
quantitatively, the substance employed must be handled exclusively by the 
liver. Extra-portal organs should neither metabolize this substance nor remove 
it from the blood stream. Although there is little e.xperimental evidence that 
bromsulphalein (BSP) is removed from blood solely by the liver, Bradley, Inglefinger, 
and associates (i, 2) use this dye for estimating hepatic blood flow and Mason el al. 
(3, 4) employ BSP for measuring maximal hepatic transfer capacity (Dm'). Both 
groups of workers base their results on the contention that extra-hepatic and extra- 
portal sites of BSP removal can be ‘saturated’ so that they no longer participate in 
clearing blood of the dye. 

In a previous publication (5), we reported that bromsulphalein could not be used 
to estimate hepatic blood flow, since the dye is not solely disposed of by the liver and 
portal organs. This paper presents additional evidence that BSP as now used is 
unsuitable for measuring either hepatic blood flow or hepatic maximal transfer 
capacity. 


METHODS 

Two t3q)es of experiments were employed. 

d) In order to determine whether the peripheral tissues of the dog could be 
‘saturated’ with respect to their ability to remove BSP, eviscerated-hepatectomized- 
nephrectomized dogs were given a priming dose of the dye- (5-7 mg/kg.) followed 
by a constant intravenous injection (0.1-0.7 mg/kg/min.) of the materialfor periods 
up to three hours. Serial serum BSP levels w'ere determined and maintained above a 
concentration of 20 mg. per cent. Except for the operative manipulations, conditions 
were similar to those employed by Mason to determine ‘Lm’ in intact dogs. Ap- 
parent ‘Lm’ values were calculated according to this investigator (4). For our calcu- 
lations, we assumed 5 per cent of the intact body weight to be plasma. 

h) The simultaneous rates of disappearance from the blood of BSP and Evans 
Blue after a single intravenous injection into eviscerated-hepatectomized-nephrec- 
tomized dogs were followed for 60 minutes. These animals received 5 to 10 mg. of 
Evans Blue and 40 to 75 mg. of BSP immediately after evisceration. It was hoped 

Received for publication September 14, 1948. 
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ments. 


286 



N'ovember ig48 


REMOVAL OF BSP FROM BLOOD 


287 


that this type of experiment would aid in evaluating capillary permeability since 
increased permeability might account for the disappearance of BSP. Serum BSP 
concentrations and evisceration-hepatectomy-nephrectomy were performed as 
previously described (5). A correction was made in determining the BSP level for 
the absorption of light at 580 m/x due to Evans Blue. 

Table i. Disappearance rate (‘pm’) of bsp in eviscerated-hepatectomized-nephrectomized 


DOGS receiving A CONSTANT INTRAVENOUS INJECTION OF THE DVE 


DOG 

WEIGHT 

TIStE j 

TOTAL BSP 
IN’/. DURING i 
TIME PERIOD 
INDICATED 


SERUM BSP 

BSP DISAPPEARING 


Circulating 

incr. 


kilo 

min. 

mg. 

mg. % 

mg. 

mg. 

mg/min. 

mg/kg/min. 

I 

10.0 

0* 









30 

266 

Si-o 

255 






70 

288 

100.0 

500 

245 

1.07 

0. 107 



100 i 

216 

128.0 

1 640 

140 

2.53 

0-253 


*50 mg. 

of BSP as 

priming dose at time 0, followed by 7.2 mg/min. for duration of 


1 



experiment 




2 

7-5 

0* 



! 

i 


j 



25 

87.5 

30-0 

112.S 






55 

63.0 

44.0 

165 

52.5 

0-33 

0,044 



82 

57-7 

55-0 

206 

41 

0.62 

0.082 



117 

73-5 

65.0 

244 ' 

: 38 

1 1-03 

0.137 



147 

63.0 

73-0 i 

i 274 j 

1 30 

I.l 

0.147 



177 

63.0 

78.0 

293 1 

19 

1.47 

0.183 


* 35 mg. of BSP as priming dose at time 0, followed by 2.1 mg/min. for duration of 





experiment 




3 

II .0 1 

0* 

1 

! 

i 


1 




1 

1 

27 

84 

18.8 

103 





i 

62 

44 

21.2 

117 

14 

0.86 j 

0.078 


1 

92 

38 

26.3 

145 

28 

0.33 

0.03 



122 

38 

28.8 

158 

13 

0.83 

0.076 



152 

38 

32.6 i 

179 

21 

0.57 

0.05 

1 

j 

182 

38 

35-0 I 

193 

14 

0.80 

0.073 


*50 mg 

. of BSP as priming dose at time 0, followed by 1.26 mg/min. for duration of 





experiment 





RESULTS AND DISCUSSION 

a) Effect of a coustanl intravenous injection of BSP on total circulating quantity of 
dye in eoiscerated-hepatectomized-nephrectomized dogs. After a priming dose and 
constant intravenous injection of BSP, the results demonstrate a continual dis- 
appearance of some of the circulating dye. This should not have occurred had the 
peripheral depots been ‘saturated’. Table i shows that when apparent ‘Lm’ values 
are calculated according to Mason, results are obtained which indicate that between 
0.03 and 0.25 mg/kg/min. of dye disappear. 

b) Comparison of simultaneous rates of disappearance of BSP and Evans Bine 
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after a single intravenous injection into evisceraled-hcpalectomized-ncphreclomized dogs. 
Bromsulphalein disappeared from serum more than three times as rapidly as Evans 
Blue which was injected at the same time into three dogs (fig. i). Two of the three 
animals were followed with hematocrit values; these dogs showed a volume of packed 
red blood cells of 40 and 42 respectively immediately after evisceration. Sixty 
minutes later, the corresponding values were 39 and 42. 

Our results indicate that bromsulphalein is removed from blood in the absence of 
the liver and portal organs. Although it is claimed that extra-hepatic and extra- 


X 1 MINUTE 
LEVEL 



Fig. I. SlirUI.TAXEOUS RATES 
or DISAPPEARANCE OP BSP AND 
EV/iNs BUTE after a single intra- 
venous injection of both dyes 
at time o into eviscerated hepa- 
tectomized-nephrectomized dogs. 
The various points were deter- 
mined by assigning the onc-min. 
serum level a value of 100%. 

Dog I (circles) 13 kg. Evans 
Blue = 10 mg. I.V. at time o; onc- 
min. serum level = 1.70 mg. %; 
BSP = 75 mg. I.V. at time o; 
one-min. serum level = ii.o mg. 

Dog 2 (squares) 12.5 kg. 
Evans Blue = 7 mg. I.V. at time 
o; one-min. serum level == i .75 
mg. %; BSP = 75 mg. I.V. at 
time o; one-min. serum level = 
15-25 mg. %. 

Dog j (triangles) 8.5 kg. 
Evans Blue = 3 mg. I.V. at time 
o; one-min. serum level = 1.75 mg. 
%-, BSP = 40 mg. I.V. at time o; 
one-min. serum level = i5-25 mg. 
%. 


portal sites of BSP removal can be 'saturated' with the dye and therefore rendered 
incapable of extracting more of the material from blood, we have not been able to 
demonstrate this 'saturation' in the eviscerate preparation. In attempting to 
achieve ‘saturation’, we carried out our experiments with serum concentrations at 
least five times the ‘saturating’ level advocated (4). Mason believed that a serum 
BSP level of 4 mg. per cent was more than sufficient to ‘saturate’ extra-portal sites 
for the dye s removal, but we were unable to ‘saturate’ these sites with serum levels 
as high as 100 mg. per cent. On the contrary, our results actually give some indi- 
cation that the percentage of BSP lost from serum at high concentrations is greater 
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than at low ones. This could be expected if an active peripheral removal mechanism 
was present. It thus becomes possible to calculate the ‘Pm’ (maximal peripheral 
transfer capacity for BSP). This capacity appears to vary from animal to animal 
and bears some relationship to serum concentrations of dye. Our results for ‘Pm’ — 
varying between 0.03 and 0.25 mg/kg/min. — are one-tenth to one-half of the values 
Mason reported for ‘Lm’ in intact animals. These results are based on calculations 
which assign 5 per cent of the body weight to plasma volume. Since the results on 
the Evans Blue experiments show the plasmavolume of the eviscerate preparations 
to be closer to 4 per cent of the intact weight, actual ‘Pm’ values are even greater 
than calculated. 

Evans Blue disappeared in the eviscerate-hepatectomized-nephrectomized prepa- 
ration at an average rate of about 15 per cent in the first hour after injection. BSP, 
infused at the same time as the Evans Blue, was removed from plasma so rapidly 
that only 50 per cent remained 60 minutes after its injection. Since the reported 
values for the disappearance of Evans Blue in intact animals are givenas between 3 and 
12 per cent in the first hour after injection, (6-8), it becomes apparent that the dis- 
appearance of BSP cannot be explained on the basis of increased capillary permea- 
bility. Rather the results suggest active peripheral removal of injected brom- 
sulphalein. Further proof of normal permeability is given by the constancy of the 
hematocrit values. 


CONCLUSION 

Bromsulphalein disappeared from the blood of eviscerated-hepatectomized- 
nephrectomized dogs more than three times as rapidly as Evans Blue, which was 
injected intravenously at the same time. No evidence for excessive loss of BSP 
through the capillaries could be demonstrated in the e^^scerate preparation. It was 
possible to estimate ‘Pm’ (maximal transfer capacity of the periphery for brom- 
sulphalein), since it was impossible to ‘saturate’ extra-hepatic and extra-portal sites 
of bromsulphalein removal with serum levels as high as 100 mg. per cent. The rate 
of removal of intravenously injected BSP, being the smn of both portal and peripheral 
removal mechanisms, invalidates the use of the dye for measuring either hepatic 
blood flow or of ‘Lm’. 
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MECHANISMS OF DESOXY CORTICOSTERONE ACTION: IV. 
RELATIONSHIP OF FLUID INTAKE AND PRESSOR RE- 
SPONSES TO OUTPUT OF ANTIDIURETIC FACTOR 

JULIA GOODSELL SKAUEN akd D. M. GREEN 

From the Departments of Physiology, Anatomy and Medicine, University of Washington 

School of Medicine 

SEATTLE, WASHINGTOX 

I MPLANTATION of desoxycorticosterone acetate (DCA) pellets in rats is fol- 
lowed by a progressive elevation of fluid intake, complete in approximately ro 
days (i, 2). The new intake level is related to that of controls of the same 
weight by a ratio fixed by dosage and degree of supplementary sodium chloride 
administration (2) . Since fluid balance in the normal animal is presumed to represent 
an equilibrium between the adrenal cortex and the posterior pituitary (3), it was 
considered that the upward disturbance of this adjustment by an excess of desoxy- 
corticosterone should evoke a counter-balancing output of antidiuretic factor. 

The association between antidiuretic and pressor factors in posterior pituitary 
extracts suggested, furthermore, that the increase in blood pressure which occurs 
subsequent to DCA-induced elevation of fluid intake (4) might represent the pressor 
aspect of a combined posterior pituitary response. These possibilities were explored 
by comparison of the changes produced by DCA in fluid intake and blood pressure 
with the output of antidiuretic factor in the urine. 

PROCEDURE 

The experimental animals for this study consisted of 40 immature rats of the 
Sprague-Dawley strain. All animals were kept in separate cages and were fed on 
Purina Laboratory Chow. Consumption of food and fluid was unrestricted. After 
a 2-week period of observation the animals were divided into two groups matched as 
to weight, sex and fluid intake. One group was given water as the drinking fluid 
while the other received isotonic (0.86%) salt solution. 

Single 20 mg. DCA pellets with an absorption time of four to six months were 
implanted subcutaneously in 10 animals of each group, using ether anesthesia. The 
remaining animals were sham operated. Fluid intake was measured daily and weight 
weekly. Repeated blood pressure determinations were made by a modification of 
the tail method (5) commencing at the 12th week, the time at which maximum blood 
pressure elevation may be expected under the conditions stated (2). 

Five weeks after pellet implantation, 48-hour urine collections were initiated’ 
and were repeated at approximately two-week intervals for five months. The col- 
lections were made under toluene, sufiicient one per cent acetic acid being added to 
make the urine weakly acid. The first 24-hour sample was refrigerated until the 
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second day’s collection was completed. A total of 30 collections from the salt-treated 
group and 10 from the water-treated group were assayed for antidiuretic activity. 

Preparation of Urines for Assay. The procedure adopted for the preparation of 
the urine concentrates was similar to that used by previous investigators (6). The 
urines were dialyzed against running tap water until chloride free (5-6 hr.). The 
samples were then evaporated to dryness in shallow vessels at 34° to 38°C. Evapora- 
tion required approximately 48 hours, the time varying somewhat with the amount 
of urine. When amounts greater than 200 cc. were collected, aliquots were used. 

On the day of assay the dried residues were dissolved in distilled water to form 
solutions from 4 to 10 times as concentrated as the original urine. These solutions 
were centrifuged and the supernatent solution decanted in order to obtain a clear 
fluid for injection. The pn was adjusted to lie between 7.5 and 8.5. No samples 
were stored, either wet or dry, for periods longer than five days. 

METHOD 

The rats used for assay of urinary antidiuretic factor output were adult males of 
the Sprague-Dawley strain, weighing 200 to 300 gm. The animals were maintained 
in Purina Fox Chow and were given water ad libitum. 

The assay was performed by a modification of the method of Burn (7) . Measure- 
ments of antidiuretic activity were based on the change in rate of renal excretion of 
water in hydrated rats after administration of the test substance. The activity of 
the urine concentrates tested was estimated by comparison with the delay in excre- 
tion produced by standard amounts of pituitrin in the same assay animals. Pituitrin 
( 5 ), Parke, Davis and Company, containing 20 i.u./cc., was used as the reference 
standard and diluted with distilled water to final concentrations of 5, 10 or 15 mu/cc. 

Precautions were taken to obtain as constant a response as possible. No groups 
were used for assay purposes more than once weekly. Animals which developed skin 
lesions at the injection site were discarded until healing had occurred. This compli- 
cation developed more frequently in the animals injected with pituitrin than in those 
which received urinary concentrates or water. Whenever the total urine collection 
permitted, each concentrate was tested on two groups of animals and the results of 
multiple concentrations compared as an internal check on the reliability of the assay 
method. 

On the day preceding assay all food was removed from the animals at 5 p. m. On 
the next day a preliminary dose of water amounting to 2| per cent of body weight was 
administered orally three hours before assay time. At the time of assay the animals 
were hydrated by oral administration of water to the extent of 5 per cent of body 
weight. Inunediately following hydration the urine concentrate to be assayed was 
injected subcutaneously in a volume amounting to i cc/ioo gm. of body weight. 
The control animals were injected with an equal amount of water. 

Following injection, the urine output was measured at is-minute intervals. 
The period from the midpoint of the time taken to inject the assay group (av. time 6 
min.), until the excretion of 50 per cent of the total amount of fluid administered at 
the time of assay, was used to calculate the antidiuretic activity of the urine concen- 
trate under test. 
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RESULTS 

Analysis of a total of 90 control measurements of the normal 50 per cent excretion 
time and of the response to pituitrin indicated that the end point value was not sig- 


Table I. Effects of HyDRAxioN and posterior pituitary extract ok urikary output. 

REEATIOKSniP TO IVEIGUT OF ASSAY AKMAE 


PROCEDURE 

1 

^VEIG^T range 

NO. or 

ASSAYS 

AV. 50% 
EXCRETION 
TlilE 

STANDARD 

DEVIATION 

t VAMTE 
(L 0 V,T,R HALT 
V.S. uprzR 
HALT or WT. 
RANGE) 

Hydration, 5% of Body 

wt. 1 

1 

1 

i 

I 

Jraclion 
Lower 1/2 

gm. 

j 

156 to 244 ’ 

1 

27 ' 

min» 

122 

min. 

d:I2.6 

0.66 

Upper 1/2 1 

! 

245 to 33S ' 

1 

27 i 

1 

120 * 

±10.6 

Total 

1 

1 

156 to 338 ! 

54 

I 2 I 

i 

±11.6 


Hydration + Pituitrin ! 
5 mu/100 gm. 

Lower 1/2 | 

j 19s to 246 1 

8 

172 ! 

1 

± 34-5 

1.04 



8 

156 

[ 

±26.2 

Total 

I9S to 276 

16 

164 

±30.8 


Hydration + Pituitrin 
lomu/ioogm. 



9 

196 

1 

±25.6 

—0.29 

Upper 1/2 

243 to 326 

9 

200 

± 33-2 


Total 

169 to 326 

1 18 

198 

±28.6 



PERCENT 

EXCRETED 



Fig. I. Urinary excretion 
RATES following hydration and 
pituitrin administration. Each 
composite curve is based on 10 
representative assays. 


O hydration, bx of body weight 

3 HYDRATION PLUS PITUITRIN, B HILUUHITS PER 100 OHS., 

A M •• 10** fiaa 


nificantly influenced by the weight of the assay animals over the ranges studied 
(table i) , The average delay in excretion was directly proportional to the pituitrin 
dosage over a range of o to lo mu/ioo gm. of body weight (table i, fig. i). The 
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concentration of antidiuretic factor in the urine of the test animals was estimated on 
the basis of this relationship. 

Table 2. Antiditjretic factor excretion in rats following implantation 


OF DCA PELLETS 


1 

1 

GROUP 

1 

DRINKING FLUID 

1 

ANTIDIURETIC FACTOR 1 
EXCRETION MEAN AND | 
S.D., MU. OF PITUITRIN 

FLUID INTAKE 

(ratio to water- 
fed controls) 

BLOOD PRESSURE, 
MEAN AND S.D., 
MM.HG 

Controls 

Water 

1 

warn 

I.OO 1 

131 ± 13 

NaCl 0.86% i 

j 

8.0 dh 4.9 

1 

1-39 1 

1 

120 ± 8.6 

One 20 mg. DCA 
implant 

Water 

5.0 db 2.6 

1. 21 

150 ± 21 

NaCl 0.86% 

20.8 ±8.7 

3-31 

! 

196 zb II 


Fig. 2. Relation OF uRiNARit 
ANTIDIDliETIC FACTOR OUTPUT to 
fluid intake and blood’ pressure. 
Antidiuretic output is expressed in 
milliunits of pituitrin. Fluid in- 
take is stated as a ratio, the value 
for water-fed controls being taken 
as I, Blood pressure is given in 
mm. Hg. 



DRINKING FLUID* WATER 



DRINKING FLUID* WATER 



DRINKING FLUID* NACL SOL' 



DRINKING FLUID* NACL SOL- 


C2 BLOOD PRESSURE O FLUID INTAKE 

■I ANTIDIURETIC FACTOR OUTPUT 

Inspection of the antidiuretic outputs of the various experimental groups (fig. 2) 
indicated a direct proportionality to fluid intake, not only in the implanted animals 
but in the saline-fed controls as well. The increase in these two values when saline 
administration was combined with desoxycorticosterone implantation was greater 


























294 


JULIA GOODSELL SKAHEN AND D. M. GREEN 


Volume X5S 


than the sum of the increases produced by each procedure separately (table 2). The 
magnitude of the output, like the degree of intake elevation, was not shov/n to vary 
significantly throughout the observation period when once established. 

In contrast, no immediate relationship between antidiuretic factor and blood 
pressure was evident. Water-fed animals which developed significant hypertension 
{l = 3.04) as a consequence of desoxy corticosterone implantation excreted somewhat 
smaller amounts of the factor than did salt-treated controls in which blood pressures 
remained normal. 


SmiMARY 

Subcutaneous implantation of desoxycorticosterone in rats was followed by 
increases in fluid intake, blood pressure and urinary output of antidiuretic factor. 
Substitution of isotonic salt solution for drinking water in animals not treated with 
desoxycorticosterone produced an increased output of antidiuretic factor unac- 
companied by significant blood pressure elevation. The urinary output of 
antidiuretic factor was proportional to the degree of elevation of fluid intake, whether 
increased intake was produced by salt administration alone, desoj^corticosterone 
alone, or a combination of both. The evocation of antidiuretic factor excretion by 
desoxycorticosterone woifld appear to be a consequence of the disturbance in fluid 
exchange. A direct relationship of this factor to the development of hypertension 
was not established. 

We are indebted to Dr. E. Oppenhcimer, Ciba Pharmaceutical Products, Inc., Summit, N. J. 
both for generosity in supp!3dng desox>xorticosteronc and for many helpful suggestions and criticisms 
throughout these studies. 
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WATER AND ELECTROLYTE BALANCE IN DOGS 
INTOXICATED WITH NITROGEN MUSTARD 


FREDERICK S. PHILIPSS ALFRED GILMAN^ ETHOL S. KOELLE, 
BERNARD P. McNAMARA and ROBERTA P. ALLEN 

From the Pharmacology Section. Medical Research Laboratory 
EDGEWOOD ARSENAE, MARYLAND 

T he nitrogen mustards comprise a series of chemically related bis (2-Cliloro- 
ethyl) amines which exhibit unique biological actions resembling in general 
the effects of penetrating radiations. Such properties include elicitation of 
chromosomal changes and genic mutation and inhibition of mitosis or selective de- 
struction of proliferating cells and tissues (i, 2). The latter action has been found 
therapeutically useful in the treatment of malignant lymphomas (3-5). 

Although the effects of the nitrogen mustards on certain of the actively proliferat- 
ing tissues of the mammalian organism have been clearly described, the mechanisms 
of the lethal actions of the agents are still obscure. Thus, dogs fatally intoxicated 
with nitrogen mustards die within three to five days and exhibit pathological lesions 
in the myeloid and lymphoid elements of hematopoietic organs and in the mucosa of 
the gastrointestinal tract. Death is not the result of agranulocytopenia. However, 
the degenerative changes in the gastrointestinal tract may be directly concerned with 
the mechanism of lethal action. Anorexia, vomiting and diarrhea contribute to 
marked losses of water and electrolyte which frequently result in a reduction of 
extracellular and plasma fluid volumes. The associated oligemia may be the proxi- 
mate cause of terminal circulatory failure (6). 

Inasmuch as disturbances of water and electrolyte metabolism are manifested 
during the course of fatal nitrogen mustard intoxication, studies correlating changes 
in both intracellular and extracellular ions were undertaken in dogs. It was hoped 
thereby to determine whether the losses of electrolyte and fluids sustained as the re- 
sult of intoxication are sufficient to account for the fatal syndrome. 

EXPERIMENTAL PROCEDURE 

Twenty-three dogs were used. The experiments were divided into three series 
according to the agent administered and the route of administration. Animals of 
Series I received Iris (beta-chloroethyl)amine percutaneously in the dose of 20 
mg/kg. The free amine, freshly prepared from the hydrochloride salt, was spread as 
completely as possible over the shaved skin of the iumbo-sacral region. Dogs 7 and 
8 were muzzled for three hours following application of mustard. At the end of this 

Received for publication October 7, 1947. 
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time their skins were decontaminated by thorough washing with soap and water. 
The remaining animals were muzzled for four hours and no decontamination proce- 
dure was employed. 

Series IIA and IIB were originally undertaken to elucidate a possible role of the 
nervous system in the systemic effects of lethal doses of nitrogen mustards. For this 
purpose the highly reactive, quarternary transformation product of methyl-fi/5(2- 
chloroethyl)amine (i, 7), namely cationic methyl-2-chloroethyl-ethylenimonium, was 
employed. The effect of this agent in animals receiving intracarotid injections of 
0,2$ to 1,0 mg/kg, was compared with its actions in animals receiving similar doses 
intrajugularly. However, only dogs 12, 13 and t 6 receiving 1,0 mg/kg. and 14, 15, 
ly and 18 receiving 0,5 mg/kg, were used in electrolyte balance studies. 

Animals used in the balance studies were fasted but allowed free access to water. 
All underwent a preliminary period of fasting prior to the time of administration of 
nitrogen mustard. In the case of dogs /, 2, 5, and 6 , this period was of 24 hours and, 
for the remaining animals, of 72 hours’ duration. 

Fluid excretions were collected under mineral oil in the presence of HiSO^ and 
thymol. The cages were washed daily and the collected excreta and washings made 
up to a known volume. The samples were then filtered, excess thymol added and 
portions stored under refrigeration until completion of analysis. Since the first 4 
animals studied were not catheterized, daily fluid collections in these dogs i, 2, 5 , 6 did 
not represent true 24-hour samples. Subsequent animals were catheterized 24 hours 
before the administration of mustard, immediately prior to its administration, 48 
hours later, and daily thereafter. 

Venous blood samples were obtained at the end of each period of fluid collection. 
With the exception of dogs i, 2, 5, and 6 strict anaerobic technic was employed. A 
small portion of each blood sample from controls and animals of Series I was heparin- 
ized and reserved for the determination of plasma specific gra\’ity. The remainder 
was allowed to clot and all other analyses were performed on serum. 

METHODS OF ANALYSIS 

Fluid excretions were analyzed for total nitrogen by the micro-kjcldahl procedure, for sodium 
by the method of Butler and Tuthill (8), for chloride by the Eisenmann modiScations of the Volhard 
method as described by Peters and Van Slyke (9) and for phosphorus by the method of Fiske and 
Subbarow (10). Potassium was determined by modifications of the procedures of Shohl and Bennett 
(ii), Consolazio and Talbott (12) and Harrison and Harrow (13) as follows; suitable aliquots were 
dried and ashed at 5oo°C. in vycor crucibles (30 cc. capacity). To the ash was added 0.2 cc. of 20 
per cent HiPtCU followed by 5.0 cc. of absolute ethanol. The precipitate which formed was stirred 
into a homogeneous suspension and an additional i.o cc. of absolute ethanol used to rinse the stirring 
rod. After standing for 30 minutes the alcoholic solution was separated from the precipitate by 
means of an inverted porcelain filter. The washing with absolute alcohol was repeated twice. The 
precipitate remaining in the crucible and on the face of the filter was then dissolved in a few cc. of 
warm distilled water and the solution was transferred through the filter by reduced pressure into a 
large test tube. The remainder of the procedure follows that described by Harrison and Harrow (is)- 
Using this method o.oi mEq. of potassium could be determined with an error of one per cent. 

The serum was analyzed for sodium, potassium and chloride by the same methods described for 
urine as adapted to serum. CO2 was determined manometrically by the method of Van Slyke and 
Neill (14). Non-protein nitrogen was determined in trichloroacetic acid filtrates by the micro- 
kjeldahl method. Serum water was measured by difference in weight of samples after drying to 
constant weight at ios°C. 
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Plasma protein was calculated from specific gravity (15) which was determined by the falling- 
drop method of Barbour and Hamilton (16). Serum protein was calculated as 6.25 times the differ- 
ence between total serum nitrogen and non-protein nitrogen, 

CALCULATIONS 

Changes in quantities of extracellular water and electrolyte and balance of intracellular sodium 
as well as the amount of potassium lost in excess of protein catabolized were calculated using the 
methods of Elkinton and Winkler (17) and Darrow (18) from data provided by the balance studies. 
For the convenience of the reader a list of the terms employed follows: 

Ecu volume of extracellular water assumed initially equal to 25 per cent of body weight and 
calculated thereafter from the balance of chloride and serum chloride concentrations; 

bm, bcu bK, balances of sodium, chloride and potassium, respectively; 

b'xc, balance of intracellular sodium; 

b'x, balance of potassium in excess of protein lost. 

In order to emphasize the adverse effect of intoxication with nitrogen mustard additional calcu- 
lations were employed to proportionate losses of sodium and chloride to initial quantities of the 
extracellular electrolytes present in the body. Initial quantities of extracellular sodium and chloride 
were estimated as the products of initial Eci and initial concentrations of sodium and chloride in 
extracellular water respectively. Concentrations of the ions in extracellular water were derived by 
correction of serum concentrations for serum water and an assumed Donnan factor of 0.96. Balances 
of sodium and chloride could then be expressed as percentages of the estimated initial quantities of 
the two electrolytes. 

Calculations of potassium released in excess of protein catabolized (Nr) assume special impor- 
tance in view of the marked deficit in this cation observed in intoxicated animals. Calculations were 
based on the assumption tliat potassium and nitrogen resulting from cell catabolism are excreted in 
the urine in the relative proportions present in skeletal muscle, i. e. 3 mEq/gm. N (18, 19). 

Balances do not include corrections for losses in blood drawn or for changes in serum potassium 
since these quantities were considered insignificant by comparison with the large amounts of electro- 
lyte excreted during the course of the experiments. Total protein catabolized was calculated from 
nitrogen excreted corrected for relatively minor changes in non-protein nitrogen content of body 
fluids. 


CLINICAL COURSE 

The control animals (i, 2, 3 and 4) were unaffected by the short period of fast. 
In the three series of experimental dogs, survival time of fatally intoxicated animals 
ranged from three to six days. In the case of the dogs of Series HA. and IIB no dis- 
tinction in toxicity could be made between the two routes of administration of the 
ethylenimonium compound. Of the 6 animals receiving more than 0,5 mg/kg. by 
either the jugular or carotid route none survived. Following intrajugular administra- 
tion one of 3 survived the dose of 0.5 mg/kg. and one survived 0.25 mg/kg. After 
intracarotid injection 2 of 4 survived 0.5 and i of 2 survived 0.25 mg/kg. 

■ The clinical course of the three groups of animals was in general similar. The 
typical hstlessness and depression which accompany nitrogen mustard intoxication 
were equally evident in all animals. Vomiting and diarrhea were observed in all of 
the three series. In Series I, all animals vomited within four to six hours after appli- 
cation of the amine mustard. The extent of vomiting in this group varied greatly in 
different animals and, inasmuch as vomitus was collected together with the urine, no 
accurate measure of its volume could be made. In almost every instance vomiting 
had ceased by the second day. On the other hand, emesis occurred within one to two 
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hours after injection in the dogs of Series IIA and IIB and continued intermittently 
until the animals died. Although no quantitative comparison was made of the extent 
of vomiting in Series I relative to the extent in Series IIA and IIB, there was little 
doubt that emesis was more severe in the two last mentioned series. 

Diarrhea also complicated the experiment somewhat in that liquid feces con- 
taminated the urine. However, diarrhea was never observed during the first 48 hours 
after administration of the amine mustard and was a variable feature thereafter. Of 
dogs in Series I, only 7, p, 10 and 11 excreted a significant amount of watery stool. 
Diarrhea was e\ddent in all the animals of Series IIA and IIB after 48 hours and was 
also more severe than in the animals of Series I, Watery stools undoubtedly con- 
tributed a large portion of the excretions during the latter part of the balance studies 
of Series IIA and IIB. 

Aside from the vomiting and diarrhea there were no outstanding signs of intoxi- 
cation. The animals became progressively weaker and were usually prostrate for 
several hours before death. Bog 8 was less affected by the dose of mustard employed 
presumably because it had been decontaminated with soap and water three hours 
after poisoning. It is possible that the animal might have sur\dved if it had not been 
killed to obtain tissue for analysis before it was appreciated that its behavior was at 
variance with that of the other animals. 

The clinical course of the surviving animals of Series TLA and IIB was not en- 
tirely uneventful. For example, dogs 15 and j8 developed diarrhea and appeared 
weak during the first four days after intoxication. Follo\ving this the animals recov- 
ered and ate ravenously when offered food at the termination of the experiment. 

Gross pathological examinations were performed on all animals of Series I at the 
time of death. The findings were in keeping with those that have been reported by 
others. In aU instances the gastrointestinal tract was examined throughout its 
length. Dogs 5 and 6 revealed no hemorrhagic lesions, a finding confirmed by micro- 
scopic examination.® Dogs p, 10 and ii showed a severe enteritis with no signs of 
frank hemorrhage. Although there w'ere quantitative differences with respect to the 
severity of the lesions in the three dogs, the pattern of the intestinal lesions in regard 
to the areas most seriously affected was similar. Thus, gastritis was seen in all ani- 
mals, the duodenum was httle affected, enteritis was present throughout the jejunum, 
was almost absent in the ileum and was most marked in the colon. 

WATER AND ELECTROLYTE BALANCE 

The water and electrolyte balance of all poisoned animals was severely affected. 
Inspection of the results shown in table i reveals a striking difference in the water 
intake and fluid output of experimental and control animals. Whereas all animals 
were consistent in their water intake during the preliminary 24-hour period, the intake 
of the experimental animals increased markedly in response to the administration of 
the toxic agents. A parallel change was observed in the fluid output which was 
lo-fold greater in some of the experimental animals than in the controls. Reference 
to the performance of dogs p, 10, ii, 12 and rj, for which daily fluid collections are 

®The authors are indebted to Dr. A. M. Ginzler for the various studies of the gross and mi- 
croscopic pathology of experimental animals. 
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Table i. Water balance and excretion oe electrolyte, 

PHOSPHORUS AND NITROGEN 
Dogs Poisoned ai Time 0 


GEOUP 

DOG 

PERIOD 

BALANCE OP WATER 

OUTPUT OP solutes 



Na 

K 

Cl 

P 

N 


■ 


i 

i. 

tnEq. 

mEq. 

mEq. 


gin. 

Control 



0.65 

0.25 

8.0 

7-5 

6.4 


5-25 




0.25 








2 

-I to 3 

0.67 

0.19 

2,2 

13-6 

3-5 

16.8 

8.56 


3 

— I to 0 

0.0 

0.16 

14.0 

9.9 

12.6 

7.4 

2.99 



0 to 3 

0.98 

1.04 

22.3 

37-3 

33-4 

31-3 

10.9 


4 

— 1 to 0 

0.27 

0. 14 

1-3 

9.8 

2.6 

7-9 

3-41 



0 to 3 

0.54 

0.34 

3-0 

30.8 

3-6 

20.6 

9-83 

Series I 

5 

— I to 2 

1.66 

1-53 

90.2 

75-7 

I 2 I .2 

52.6 

17.9 


6 

— I to 3 

3-78 

2.49 

58-4 

118.6 

97.3 

75-5 

32-7 


7 

— I to 0 

0.19 

0.06 

3-4 

8.0 

0.6 

6.1 

2.41 



0 to 3 

I- 5 I 

I. 16 

43-1 

83.1 

93-3 

59-8 

19.0 


8 

— I to 0 

0-37 

0.08 

1.9 

9.6 

3-5 

5.7 

3-75 



0 to 3 

0-93 

0.49 

7-3 

46.3 

12.7 

4 I-S 

19.0 


9 

— I to 0 

0.26 

O.II 

2-3 

6.8 

6.1 

9-5 

3-70 



0 to I 

1.30 

0.61 

15-2 

5.8 

21.4 

0.3 

0. 16 



I to 2 

0.91 

1. 10 

26.1 

74-9 

29.6 

56.5 

20.3 



2 to 3 

0.47 

t.20 

20.1 

59-4 

16.4 

41.2 

II. 7 



3 to 4 

0.29 

0-95 

2.9 

44.2 

29.2 

19.2 

6.6s 


JO 

— 1 to 0 

0.25 

0.12 

0.7 

12.8 

0.4 

II .0 

4.42 



0 to I 

1.30 

0.90 

19.6 

59-6 

26.6 

39-8 

9.00 



I to 2 

1.09 

0-95 

26.4 

56.0 

31.8 

37-7 

12.6 



2 to 3 

0.70 

1.20 

2.9 

64.4 

58.2 

39-2 

12.6 



3 to 3+ 

0.32 

0.45 

13.6 

21.2 

25-9 

10.4 

3-34 


II 

— I to 0 

0.0 

O.IO 

18.9 

12.2 

13-0 

II -5 

3-85 



0 to I 

o-Si 

0.40 

23-3 

4.4 

32.2 

0.4 

0.21 



I to 2 

0.90 

0.76 

24.0 

55-9 

28.2 

40-3 

14. 1 



2 to 3 

0-59 

0,92 

17.2 

54-8 

27.6 

34-2 

9.78 



3 to 3+ 

0.0 

0.80 

21.9 

37-2 

55-5 

I 9 -S 

7-63 

Series IIA 

12 

— I to 0 

0.20 

0.09 

3-0 

7-9 

0.4 

9-8 

4.16 



0 to I 

1.38 

2.00 

94.6 

51.6 

168.6 

24.6 

5-87 



I to 2 

1.25 

0.50 

14 . 5 

25.0 

19-5 

9-5 

i-Si 


13 

— I to 0 

0.03 

O.IO 

9.8 

11.4 

11.9 

10. s 

3-61 



0 to 1 

0.76 

0.63 

30.0 

27.0 

45-8 

22.7 

4.92 



I to 2 

I -31 

1.60 

87.0 

66.3 

129.3 

38-2 

9-59 



2 to 3 

0,62 


33-5 

51-2 

52.2 

29-7 

II. 2 



3 to 4 

0.40 


19.8 

37-3 

29.9 

20.6 

8.79 
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Table i — Continued 



1 


dalakce opwattr 


OUTPUT or SOLUTES 


CROUP 

DOG 

j 

PHRIOD 








Intake 

Output 

Na 

K 

Cl 

P 

N 



days 

/. 

/. 

nEq. 

mEq. 

mEq. 

mif.- 

em 


14 

— I to 0 

0.09 

1 

0.10 

trace 

6.4 

0.2 

7.8 

3-19 


1 

1 

0 to 2 

0.60 

0.94 

5 S -9 

36.8 

74.2 

22.8 

7.12 



2 to 2-1- 

0,0 

0.28 

22.5 

8.7 

37-3 

5-4 

i 

i.6s 


^5 

— I to 0 

0.04 

O.II 

I 19-9 

14.0 

II. 8 

11. 0 

4.69 



0 to 2 

0.31 

1 0,32 

10.4 

28.7 

20.7 

22.8 

7-44 



2 to 4 

1.56 

1 1-67 

28. s 

18.7 

50.9 

27 -S 

23-2 



4 to 8 

1.24 

1-43 

trace 

79-3 

14.0 

69.8 

3 I-S 

Series IIB 

16 


0.03 

0-13 

S -7 

14.9 

1. 1 

11.7 

5-44 




j 1.44 

1. 12 

61.3 

54-0 

02.2 

38.2 

9-32 




0.73 

1 0.70 

24.9 

39-0 

41,0 

39-0 

12.0 



2 to 3 

0.67 

j 0.78 

1 22,1 

49.4 

! 29.4 

40.8 

16.7 


17 

— 1 to 0 

0.17 

! 

i 0.09 

8.3 

8.1 

0.4 

7.2 

3-73 



0 to 2 

0.92 

1 0-71 

31.6 

49-9 

so. 7 

32.8 

9.22 



2 to 3-1- 

0.21 

0.63 

34-8 

26.8 

40.3 

20.3 

8.47 


18 

— I to 0 

0.38 

0-37 

trace 

16.2 

I-S 

10.3 

4.6 



0 to 2 

0.80 

0-52 

24.7 

56.2 

33-0 

51-7 

20.0 



2 to 4 

0,09 

0.21 

trace 

46.3 

17.6 

20.6 

8.41 



4 to 8 

0.79 

: 0-34 

trace 

32.9 

8.3 

32.3 

17.0 


shown in table i, indicates that a marked increase in water exchange was evident 
within 24 hours. Indeed, it was not unusual to note that when the muzzles were 
removed from experimental animals of Series I, three to four hours after poisoning, 
the first act of the dogs was to drink avidly. A knowledge of the renal output during 
this period would be of great interest. Until this is ascertained, it cannot be stated 
whether the polydipsia or polyuria was primary. 

Inspection of tables i and 3 reveals that the excretion of sodium and chloride was 
much greater in experimental than in control dogs, indicating a marked loss of extra- 
cellular electrolyte. The animals of Series IIA and IIB sustained a greater loss than 
the animals of Series I. This appears to be due to the more extensive vomiting and 
diarrhea exhibited by the former animals. Reference to table i shows further that 
the loss of extracellular ions was apparent within 24 hours after administration of 
nitrogen mustard. 

Although as mentioned previously vomitus contributed to all the daily collections 
of Series IIA and IIB only a small part of the electrolyte loss of Series I can be ac- 
counted for by emesis. In several of the dogs of Series I the volume of vomitus was 
negligible as compared with the total volume of the fluid collection. In almost every 
instance in this group vomiting had ceased by the second day whereas the excretion of 
sodium and chloride persisted. Lastly in dogs g and ii there was complete separation 
in the collection of urine and vomitus due to voluntary retention of urine on the part 
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of tlie dogs during the first 24 hours of the experimental period. A comparison of the 
electrolyte excretion of the first day with that of the second day indicates the relative 
contribution to the electrolyte loss by the gastric and renal routes respectively. The 
extrarenal origin of the first 24-hour collection of dogs g and ii is also evident in the 
low values for phosphorus and nitrogen. 

The extent to which diarrhea contributed to the loss of extracellular electrolyte 
was also greater in Series IIA and IIB than in Series I. In Series I the incidence of 
diarrhea was variable and in no instance were watery stools evident during the first 
48 hours. Thereafter, diarrheal fluid contaminated the collections of dogs 7, p, 10 
and II to a variable degree. Inspection of the amounts of sodium and potassium 
in the excretions after the onset of diarrhea in these animals yields the information 
that diarrheal fluid contributed a minor portion of the total output. Dogs 5, 6 and 8 
failed to evidence diarrhea during the course of the experiment.. 

Results of the calculation of changes in the volume of extracellular fluid appear 
in table 2. The extent to which the extracellular fluid volume was altered as the 
result of the administration of amine mustard reflects to some extent the balance 
between water intake and fluid output. Thus dog 6 maintained extracellular fluid 
volume by ingestion of water. In animals which drank less the volume of extracellu- 
lar fluid diminished, i.e. in the case of dogs 5, p and 13. Other animals exhibited an 
intermediate course. Obviously in those cases in which extracellular volume was 
largely maintained in the face of the loss of extracellular electrolyte, the concentration 
of extracellular electrolyte was markedly decreased. 

In table 3 it may be seen that the intoxicated animals with certain exceptions 
lost 10 or more per cent of initial extracellular sodium and even larger portions of 
initial extracellular chloride through the kidneys and gastrointestinal tract. This is 
in marked distinction to the control animals and to dogs 15 and 18 which survived as 
well as dog 8 which for reasons explained above may have absorbed a smaller amount 
of amine mustard. A study of table 3 reveals further that the extent of excretion of 
sodium and chloride was greater in animals of Series IIA and IIB than in those of 
Series I. It is evident, therefore, that the systemic actions of methyl-beta-chloro- 
ethyl-ethylenimonium caused a more severe loss of extracellular electrolyte than 
resulted from fatal intoxication with /ri5(beta-chloroethyl)amine. This appears to 
be associated with the extensive vomiting and diarrhea which was exhibited by the 
animals receiving the chlor-imine. It is also important to observe that fatal intoxi- 
cation with LDbo doses of the chlor-imine in dogs 14 and 17 resulted in losses of sodium 
and chloride similar in degree to those caused either by higher dosages of the same 
agent or by lethal amounts of /n5(beta-chloroethyl)amine. On the other hand, dogs 
15 and i5, which survived after receiving LDbo doses of the chlor-imine, showed only 
moderate though definite increases in electrolyte excretion. 

Balance of Intracellular Sodium. The excretion of chloride exceeded that of so- 
dium by significant amounts in all poisoned dogs with the possible exception of 8 
(table 3). During the first two days of intoxication the small excess could be at- 
tributed to the amount of vomitus in the fluid excretions. During the terminal 
portion of the observation periods, however, it was not uncommon for chloride to be 
excreted far in excess of sodium. This is evident in table i where, in the cases of dogs 
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Table 2. Weight and analyses of serum and blood in fasting dogs intoxicated 
imn nitrogen mustard and in their controls. Calcul,\tion of 
extracellular fluid volume 
Dogs Poisoned al Time 0 







coj;cf';tbatxo!? lv seruii 


1 PLASHA 




Tuin 

WEicnr 







Eq 

GROUP 

DOC 

m 

K 

Cl 

Total 

COj 

11:0 








day 

h- 

mEqll. 

nEq/t. 

mEqll. 

mM/l. 

trnim 

tm. 

mi! 100 
cc. 

gmflOO 

cc. 


Control 

I 

— I 

13.2 

154 

6.0 

114 








3 

12.5 

154 

5 o 

m 







2 

— I 

9.8 

X 53 

5 *^ 





6.3 

2-45 



3 

9.0 

149 

6.3 





5-4 

2.49 


3 

0 

23-56 

141 



25-1 

92.3 

17-0 

6.0 

5.88 



3 

22.82 

135 

1 

i 

105 

25.4 

93.2 

24.2 

5*7 

5-76 


4 

0 

11.21 

136 


I 105 

23-3 

91.6 

25.0 

7.2 

2.80 



3 

10.94 

136 


1 ICO 

22.4 

92.4 

28.8 

6.9 

2.91 

Series I 

5 

“I 

16.1 

141 

1 

5-1 

loS 


i 

i 


6.4 

4.02 



2 

[ X 4.2 

1 

145 

5-4 

94-5 




8.3 

3-44 


6 

— I 

13-6 

144 

4.8 

108 




6.4 

3-40 



3 

12. s 

127 

5-8 

82.5 




6.7 

3-41 


7 ! 

0 

11.42 

140 


106 

22.6 

92.3 

28.2 

6.1 

2.86 



3 

10.06 

134 


84-5! 

33-9 

91.8 

49-6 

5.4 1 

2.61 


8 

0 

14.17 

141 


106 

24.0 

92.5 

49-7 

6.1 

3-54 



3 

13-85 

137 


lOI 

24.6 

92.7 

31-4 

6.1 

3-59 


9 


17.21 

147 

4.0 

II4 

21.7 

91 .6 

21.7 

7-3 

4.30 




16.33 

137 


102 

20.5 

91-3 


7-2 

4-35 




xS -37 

142 

5-1 

103 

23.2 

90.7 

52.2 

8.3 

4.13 




14. 3 X 

149 

4.4 

III 

21.7 

90.2 

107 

8.7 

3-58 


10 


14.29 

143 

4.6 

III 

20.6 

92.3 

i 22.5 

6.9 

3-57 



2 

13-61 

132 

4-1 

98.9 

20.8 

92.2 

32.3 

6.7 

3-47 



3 

12.87 

131 

4-1 

92.6 

23.5 

91.8 

48.3 

7.3 

3 -iS 


II 

0 

17.72 

145 

4-5 

108 

22.3 

91-3 

22.6 

7.1 

4-43 



2 

16.9s 

139 

3-8 

100 

24-1 

91-3 


7-5 

4.26 



3 

16.19 

140 

4-4 

96.3 

1 

24-7 

91-3 

37-9 

8.1 

4-15 

Series HA 

12 

0 

12.10 

146 



23.1 

92.8 

32.0 

5*5 

3.13 



2 

11,00 

134 



33-7 

91.0 

177 

6.9 

2,70 


13 

0 

13.19 

146 


III 

20.4 

91.8 

i 29.5 

6.3 

3.30 



2 

12.22 

135 


82.8 

33-3 

90.9 

36.2 

7.2 

2.54 
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Table 2 — Conlimied 


GROUP 

DOG 

TIME 

WEIGHT 

j CONCENTRATION IN SERUM 

PLASMA 

ECl 

Na 

D 


Total 

CO: 

H :0 

NPN 

OR SERUM 
PROTEIN 



day 

H. 

j mEq/l. 

1 

I mEq/l. 

mEqjL 

1 

mM/l. 

gmflOO 

Vlg/lOO ! 

cc. 

gm/100 

CC. 

1. 


1 

3 

1 11.68 

129 


67.9 

41.2 

91. 1 

36.0 

7-4 

2.44 



4 

10.98 

IIS 

i 

66.1 

i 

39-4 

91.6 

21.1 

7-1 1 

2.12 



0 

II. I 

144 


104 

24-3 

92.7 

33-5 

5-7 

2.78 



2 

10. 0 

138 


92.1 

30.0 

91 .6 

40-5 

6.7 

2.40 


15 

0 

12.7 

150 


110 

25.2 

92-3 

23-5 

6.2 

3.18 



2 

II. 9 

139 

1 

104 

2 S -7 

91.9 

27.6 

6.6 

i 3-16 



4 

II . 2 

13s 


88.1 

33-2 

91.9 

44-6 

j 6.8 

3.22 

j 


8 

10-3 

137 


87-5 

31.8 

92.7 

39-5 

6. 1 

3-13 

Series IIB 

1 

16 

0 

14.68 

152 


III 

23.1 

92-3 

32.1 

5-9 

3-67 



2 

13-38 

135 


90. 2 

24.7 

91.8 

71.7 

6.8 

3-49 


1 

3 

1 

13.27 

1 

129 


83.2 

27.0 

92.2 

69.5 

6.3 

i 

3-49 


1 

^7 

0 

8.6 

141 


106 

23.6 

93-3 

30.8 

1 

5-2 

2.15 



2 

8.2 ^ 

13s 


82.1 

31-3 

91.9 

|ii 4 

5-9 

2.19 


18 


13.3 

144 


113 

20.7 

93-2 

37.7 

S -3 

3-32 




13-0 ' 

141 


106 

22.4 

92.9 

34-0 

S-S 

3-24 




12.4 

140 


106 

22.7 

93-0 

30-8 

5-5 

3-o8 



8 

II. 3 ' 

139 


107 

23.6 

93-0 

32.4 

5.6 

2.99 


g and 10, the extreme condition was observed in which the excretions were almost 
sodium-free and yet contained large amounts of chloride. Nevertheless, the fact that 
chloride was excreted in excess was not uniformly reflected in all dogs by a significant 
change in total serum CO2 (see dog g, table 2) . This may indicate a passage of sodium 
into cells in exchange for potassium. Indeed, calculation reveals gains of intracellu- 
lar sodium in many of the experimental animals following intoxication as well as a 
direct relationship between increases of total serum CO2 and of the calculated value, 
(bua-bci) — b'ffa (table 3), The latter value may be taken to represent the calculated 
maximal increase in the available base of extracellular fluid expected to result from 
the excretion of chloride in excess of sodium. The only notable exception to the ap- 
parent correlation are the results from dog ij between zero and four days after intoxi- 
cation. Even in this animal the correlation fails only after the third day of intoxica- 
tion. Inspection of the values for b'jc in table 3 also reveals that most of the 
experimental dogs lost sufiicient potassium from cells, beyond those amounts resulting 
from catabolism, to account for the instances in which significant gains in intracellular 
sodium were calculated. 

Potassium, Phosphorus and Nitrogen Excretion. Intoxicated animals excreted 
potassium, phosphorus and nitrogen greatly in excess of controls (table i). In sev- 
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oral instances such as dogs jo, 12, 13 and j 6 daily collections of excreta revealed that 
the enhanced output of potassium, phosphorus and nitrogen was evident within 24. 
hours after intoxication. Voluntary retention of urine on the part of dogs p and ii 
undoubtedly accounts for the low values obtained analytically in the collections of 
the first 24 hours. 

The increased excretion of intracellular cation in experimental animals can in 
part be attributed to an increased cellular catabolism. This might be ex-pected to 

Table 3. Comparison of the balance of intracelluij\r sodium mith the excretion of 

CHLORIDE IN EXCESS OF SODIUM, WITH CHANGES IN SERUM CO:, AND WITH EXCRETION OF PO- 
TASSIUM IN EXCESS OF PROTEIN CATABOLIZED. ToTAL ELECTROLYTE LOSSES IN EXPERBIENTAL 
AND CONTROL DOGS 


SERIES 

DOG 

PERIOD 


1 

bci> 

CHANCr. 
IMTfJTAI. 
SEKUM COj 

b' 

pORTio:; 

EXTRAO 

ELECTROl 

Na 

07 nnnAL 
:llular 

-YTELOST 

Cl 

I 

5 

6 

7 

8 

9 

10 

11 

days 

— I to 2 
-I to 3 

0 to 3 

0 to 3 

0 to 4 

0 to 3 

0 to 3 

mEg, 

+ 3 ^ 
+39 
+ 50 
+5 

+32 

-}-68 

+24 

fnEq» 

-17 

— X 

+8 

0 

+32 

+51 

+4 

mEq. 

+48 

+40 

+42 

+5 

0 

+17 

-1-20 

vM/l. 

+ 11 . 3 

-f-0.6 

0.0 
+2.9 
+ 2.4 


mEg/ksf 

day 

— 0.48 

— 0.40 

— 0.6S 
+0.12 

— 0.65 
-1.72 
-0.59 


% 

25 

23 

27 

3-2 

17 

32* 

26' 

II 

16 

0 to 3 

+24 

+5 

+ 19 

+ 3-9 

-19 

— 0.46 

19 

29 

A and B 

12 

0 to 3 

+79 

-18 

+97 

-fio.6 

— 22 

- 0-95 

23 

50 


rj 

0 to 3 

+77 

-1-zz 

+55 

-t-20.8 

-67 






0 to 4 

+87 

-f8o 

+9 

+ 19.0 

-82 

— 1.69 

34 

6z 


14 

0 to 2 

+ 18 

+ ro 

+8 

+ 5'7 

-13 

-0.71 

19* 

34 ^ 


15 

0 to 4 

+33 

+4 

+ 29 

-|-8.o 

+15 

+0.31 

7-9 

18 


17 

0 to 2 

+ 19 

-29 

+48 

+ 7*7 

-8 

— 0.4S 

21^ 

31' 


18 

0 to 4 

-1-26 

+ 24 


-pz.o 

— 20 

-0.39 

5-1 

12 

Control 

2 

— 1 to 3 






+0.32 

0.5 

1.2 


3 

0 to 3 






—0.02 

2.5 

4-7 


4 

f 

0 to 3 


J 

1 

i 

t 


— 0.02 

0.8 

1.2 


* Calculated for o to 3 -}- daj’S. - Calculated for o to z days. 


be the result of the known cytotoxic actions of amine mustards and is evidenced by 
the enhanced excretion of nitrogen and phosphorus in experimental dogs. However, 
an analysis of the amount of potassium in the fluid excretions in relation to the 
amount of nitrogen reveals that the experimental animals excreted intracellular cation 
in excess of those quantities which could be accounted for solely on the basis of en- 
hanced cellular catabolism. 

Values for potassium lost as the result of processes other than catabolism are 
showm in table 3. The B'k values shown in table 3 for experimental animals may be 
compared with the values derived from 17 periods of collection from animals prior to 
intoxication and from controls w'hich ranged between — 0.18 and ±0.36 mEq/kg/day 

























November 1^48 


WATER AND ELECTROLYTE BALANCE 


305 


and averaged ±0.08. It is evident that in all experimental animals with the exception 
of dogs 8 and 15 the losses of potassium during periods following intoxication were 
excessive.. 

In view of the losses of excess potassium suffered by most of the experimental 
dogs it is worthwhile to consider briefly the exceptional dogs, 8 and 15. For reasons 
outlined previously the former animal probably received a sub-lethal dose of nitrogen 
mustard; the latter animal survived the period of intoxication. Both animals sus- 
tained no significant losses of potassium in excess of that presumed to result from 
cellular catabohsm. It is, therefore, of interest to note that dog 8 likewise showed no 
significant increase over the control period in water intake, fluid output and sodium 
and chloride excretion. Moreover, dog 15 exhibited changes in these excretory proc- 
esses to a lesser degree than did experimental animals which failed to survive. The 
moderate increase in excretion of potassium and nitrogen found in dogs 8 and 15 can 
be attributed to a moderate dissolution of lymphoid and myeloid tissue. It may 
finally be noted that dog 18, a surviving animal like 15, exhibited losses of excess 
potassium which were intermediate between those of controls and those of non- 
survivors. . 

Changes in Plasma Protein. It will be noted in the data of table 2 that a recipro- 
cal relationship exists between extracellular fluid volume and plasma protein concen- 
tration (the only notable exception is dog 7). This is particularly evident in the 
response of the plasma protein concentration of dog g in that during the first 48 hours 
when extracellular fluid gained 0.08 liters plasma protein fell slightly. During the 
next 48 hours the decline in extracellular fluid volume was associated with a marked 
increase in plasma protein concentration. The reciprocal relationship between 
plasma protein concentration and the volume of the extracellular fluid suggests that 
the impermeability of the capillary wall to protein remained unimpaired. 

DISCUSSION 

The above data present evidence for a) loss of extracellular electrolyte, h) loss of 
intracellular electrolyte and c) increased catabolism as the result of fatal intoxication 
nith nitrogen mustard. However, the role of electrolyte and water imbalances in the 
sequence of events involved in the fatal sjmdrome is not clear. To be sure, there is 
ample evidence justifying the conclusion that death is associated with a marked in- 
ability to retain extracellular electrolyte. Regardless of the mechanism, whether 
through emesis, diarrhea or failure of renal reabsorption, the loss during the first 
three to four days following intoxication of 10 or more per cent of total extracellular 
sodium and 17 or more per cent of total extracellular chloride is associated -wfith a fatal 
outcome. Moreover, animals which survive LD50 doses show a transient loss of 
sodium and chloride which appears significantly increased over that of standng con- 
trols but which fails to assume the proportions of the electrolyte disturbances asso- 
ciated with death. Nevertlieless, the extent of the loss of extracellular electrolyte 
by itself seems insulScient to explain the fatal outcome of intoxication in all animals. 
In experimental animals losses of one third to one half of total extracellular electrolyte 
are usually considered fatal (20). Of the present animals none of Series I and only a 
few individuals of Series HA and HB sustained losses to this extent. Moreover, it is 
difficult to attribute death solely to a loss of extracellular electrolyte when in an 
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extensive series of experiments Smith and co-workers have shown that supportive 
therapy designed to maintain extracellular electrolyte and fluid intact, benefits but 
fails to save a significant number of animals from the systemic effects of nitrogen 
mustards (6). 

It is of interest to consider the mechanism by which extracellular electrolyte is 
lost as the result of nitrogen mustard poisoning. A portion was lost as the result of 
vomiting; another fraction was lost later in the course of poisoning from the intestinal 
tract due to diarrhea. However, in the animals of Series I which received /m(beta- 
chloroethyl)amine the greatest amount appeared to have been excreted by the kid- 
neys. This must be attributed to a renal insufficiency in the reabsorption of sodium 
and chloride. The wastage of extracellular electrolyte exhibited by the poisoned dogs 
of Series I is not unlike that encountered in adrenal insufficiency. However, there 
was no e\ndence of any rise in serum potassium despite the fact that large amounts 
of this cation were made available for excretion during the experimental period. 
Moreover, no pathological change in the adrenal has been observed to support such 
a thesis. One is left with the conclusion that /rfs(beta-chloroethyl)amine produces 
a functional disturbance of the kidney of such magnitude as to interfere v/ith homeos- 
tasis. Presumably the animals of Series H which received methyl-beta-chloroethyl- 
ethylenimonium were similarly afiected although for reasons advanced previously 
renal losses could not be distinguished readily in this group from losses due to vomit- 
ing and diarrhea. 

Alteration of the volume of the intracellular fluid likewise seems insufficient to 
account for the morbid changes which occur during fatal intoxication. Approximate 
values for changes of cell fluid volume may be estimated as the difference between the 
observed changes in weight and the calculated changes in the volume of extracellular 
fluid during the period of intoxication. Such calculations reveal depletions of cell 
fluid in all of the animals which succumbed with the exception of dog g of not more 
than 10 per cent of initial body weight. Dog g lost cell fluid to the extent of about 13 
per cent of initial body weight, a result which is probably associated with the fact 
that this animal exhibited the most negative water balance. These values appear to 
be well within the limits compatible with viability in dogs which have been subjected 
to chronic deprivation of food and water (21). Nev^ertheless, the values for cell fluid 
loss in the present animals were significantly higher in poisoned dogs than in their 
starving controb. 

Lastly the contribution of the loss of intracellular potassium to the lethal action 
of the mustards should be considered. As already stated this can only partly be ac- 
counted for on the basis of increased catabolism. It is important to examine the 
possibility that the loss of potassium in excess of protein catabolized can be associated 
with the cellular dehydration noted in poisoned animals. Elkinton and co-workers 
(17, 21, 22, 23) have shown that significant loss of excess potassium is obtained in dogs 
subjected to procedures which lead to depletion of cell water. The depletion may be 
instigated div^ersely by chronic deprivation of food and water, by parenteral admini- 
stration of hj’pertonic solutions of NaCl, by removal of fluid from the peritoneal 
cavity after intraperitoneal administration of hypertonic solutions of NaCl or glucose, 
or by urea diuresis. All of the above procedures cause a primary loss of extracellular 
fluid or an increase in concentration of extracellular electrolyte. However, in the 
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present animals loss of cell water occurred usually in the face of a loss of extracellular 
electrolyte and a reduction in the osmotic pressure of extracellular fluid. In view of 
these facts it is not surprising that inspection of tables i, 2 and 3 reveals no correla- 
tion between the balance of excess potassium and either the balance of water or the 
extent of change of intracellular fluid as estimated from changes in weight and Ecu 
Indeed, dog 6 showing the most positive water balance and a moderate change of body 
weight and fluid volume exhibited a negative balance of excess potassium (calculated 
in mEq/kg/day) which differed little from that of dog p showing the most negative 
water balance and the greatest loss of ceU fluid. 

Another possible explanation for the loss of intracellular cation is suggested by 
the recent clinical and e.xperimental observations that drastic changes in the compo- 
sition of the extracellular environment either induced experimentally or resulting from 
excessive therapy with sodium chloride or from severe diarrhea may often be accom- 
panied by unexplained losses in intracellular potassium (20, 24), The deficits of 
intracellular potassium are often associated with abnormally high concentrations of 
intracellular sodium and serum bicarbonate. However, in the present experimental 
animals which consistent^ underwent severe changes in the composition of the extra- 
cellular fluid due to emesis, diarrhea and renal impairment of electrolyte reabsorption, 
the loss of potassium cannot be correlated wth the extent of the loss of extracellular 
electrolyte or change in the bicarbonate concentration of serum (Series I versus 
Series II, table 3). Furthermore, in the above experiments excretion of potassium 
in excess of nitrogen occurred as early as the first experimental day at a time when 
distortion of the extracellular fluid had not yet become marked. 

It is tempting to attribute the loss of intracellular potassium to a direct cytotoxic 
action of nitrogen mustard which affects metabolic activity so that the cell is unable 
to maintain the integrity of its cationic structure. This type of action would presum- 
ably result in the exchange of sodium and potassium across the cell membrane. 
Potassium in an extracellular site would be preferentially excreted by the renal tubule 
with an equivalent of anion. The close correlation between V r and hNa—hci (table 3) 
is in keeping with such a sequence of events. Although the correlation between h ' r 
and I'Na is less obvious, nevertheless, significant increases in intracellular sodium are 
observed in the dogs which show the greatest loss of excess potassium. 

That an intracellular potassium loss would contribute further to the cytotoxic 
action of nitrogen mustard appears likely. The observations of Harrow on the im- 
portance of replacing potassium loss sustained in diarrhea are pertinent in this regard 
(20). Thus a cytotoxic agent could presumably initiate a vicious cycle of events in 
which the biochemical lesion initially produced by a toxic agent could be sustained by 
progressive depletion of potassium until ultimate functional failure of the cell. In 
the case of nitrogen mustard poisoning there may be the further contribution of distor- 
tion in the chemistry of the extracellular fluids secondary to impaired renal function, 
diarrhea and vomiting. Although no single mechanism would be sufficient to cause 
death, the combination presumably results in conditions incompatible with survival. 

SUMMIARY 

Systemic intoxication by /m(beta-chloroethyl)amine and methyl-beta-chloroethyl- 
ethylenimonium in dogs is characterized by an extensive loss of extracellular and 
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intracellular, electrolyte aiid a greatly increased fluid intake and output. The loss of 
extracellular-electrplyt'e'.may be due in part to vomiting and diarrhea but also results 
from a renal defect imtlie reabsorption of sodium and chloride, A large portion of the 
intracellular electroljfte lost can be accounted for on the basis of increased catabolism, 
pr^umably'^fpr ,&e most part of lymphoid and myeloid tissues. The remainder of 
the p^t^siui^4xcreted is in excess of protein catabolized. The extensive loss of 
ele^trpl^’^i&iibited by animals which receive lethal doses appears to be an essential 
Component of the fatal syndrome. However, it is not possible to conclude that the^ 
deficits of both extracellular and intracellular electrolyte are the direct cause of 
death. 

The loss of potassium in excess of the amounts appearing as the result of en- 
hanced catabolism may be associated \vith a unique cytotoxic action of nitrogen mus- 
tards, However, other possible causes for the une,\'plained excesses in potassium 
excretion are discussed. 
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WATER INGESTION AND EXCRETION IN RATS UNDER 
SOME CHEMICAL INFLUENCES' 

E. F. ADOLPH 

From the Deparlmcnt of Physiology, University of Rochester School of Medicine and Dentistry 

ROCHESTER, NEW YORK 

T WO different concepts prevail concerning the regulation of water turnover 
in mammals. One is that intake is a haphazard process and that accurate 
corrections of water content are performed by excretion. The other is that 
ingestion, while intermittent, is as sensitive to modifications of body water content 
as is excretion. The following experiments were designed to test some modifications 
that could be elicited in water intake and in water output. The ulterior object of 
the investigation was to elucidate some of the factors in thirst, the urge to drink. 
Factors in water intake and output were to be studied separately and together. 

Experiments, conducted upon male rats whose mean body weight was 220 gm., 
were of three sorts. In Series I, rats were furnished diluted milk (2.6% solids) so 
that large volumes were ingested by them (i). The amounts of ingesta (from tube- 
tipped graduated cylinders) and of collectable urine were measured in hourly periods 
after intramuscular injection of a chemical agent. In this manner certain agents 
that inhibit water turnover were identified. In order to find (Series II) whether 
ingestion alone was influenced by the agents, rats kept on a diet of dried whole milk 
were without drinking water for 48 hours and were injected with agents shortly 
before drinking of distilled water was again allowed. In order to ascertain (Series 
III) whether water excretion itself was inhibited, rats kept on dried milk up to the 
hour of experiment were given by stomach tube six doses of 5 per cent of the body 
weight of water, at 30-minute intervals. Urine was collected but no drinking water 
was available during this test. 

Series I. Rats that were furnished 2.6 per cent milk solids in distilled water 
as the only source of intake ingested approximately their own body weights of liquid 
every day. The mean fluid intake and urinary output were quite uniform hour 

Received for publication October 10, 1948. 
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Fig. I. Intake of diluted 
JOLK AND OUTPUT OF URINE by rats 
injected with pitressin in oil at zero 
time. Each line represents the 
mean observed in 7 tests. The 
first 2 and last 4 points of each line 
represent daily averages; the 23-hr. 
point is the mean of 17 hr.; the in- 
termediate points are for single hr. 
Pitressin tannatc in oil was injected 
intramuscularly at the arrow in 
doses of o, I, I OT 2 u/rat. The 
excessive intake in the first hr. fol- 
lowed the unavailability of milk 
mixture for about one hr. before 
injection. All the doses (i, i or 
2 u.) evidently inhibited both in- 
take and output for more than 24 
hr. 


Fig. 2. Intake of diluted 
MILK by rats injected with pilo- 
carpine at 2 hr. Each line repre- 
sents the mean result of 4 tests. 
The first 2 and last 2 points repre- 
sent daily av.; the 23-hr. point is 
the mean of 16 hr.; all other points 
are single hr. Pilocarpine greatly 
suppressed the fluid intake at first, 
but the 4 mg. injection greatly en- 
hanced the intake in several later 
hoiurs. 



after hour (fig. i). Both were temporarily suppressed by administration of sufficient 
atropine, pilocarpine (fig. 2) and postpituitary extracts (fig. i). Other substances 
tested, namely acetylcholine and epinephrine, had no significant effect (table i). 
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It is widely recognized that pilocarpine and atropine antagonize one another in 
many of their physiological effects. When the two were administered successively 
to the same rats (table i), water turnover was in most instances reduced. Since 


Table i. Influences of several agents upon water exchanges 
(Means and Standard Errors) 

Series I 





OUTPUT or 

1 INTAKE or 

INTAKE IN 

INTAKE 


dose/kat 

(iNTRAiroSCOlARLY) 

NO. 

URINE 

2 . 6 % MILK 

SECOND HOUR 

agent 

OF 


1 

1 


TESTS 

% wt/hr. in 
first 24 hrs. 

% wt/hr. in 
first 24 hrs. 

1 

%wt. 1 

% wt/hr. in 
first 5 hrs. 

Control 


IS 

3.1 ±0.43 

4.2 ±0.48 

i 

5.5 dbl.li 1 

5.2 ±0.38 

Acetyl- 

300 }Xg. 

4 

2.2 

3-0 

2.2 

2.3 

choline 

600 pg. 






Doryl 

so MS- 

200 Pg. 

600 pg. 






Atropine 

j 17 Mg. 

1 

4 

2.3 

3.2 


2.4 


so Mg. 

4 

2.2 ±0.4 

2.9 ±0.4 

2.2 ±0.4 

2.0 ± 0 .S 

Atropine, 

17 pg. + 0.5 mg. 

2 

3.4 

4 .S 

3-4 

I.O 

then Pilo- 

SO pg. + 4.0 mg. 






carpine 

100 pg. -h 4.0 mg. 

2 

2.2 

2.9 

2.2 


Epinephrine ' 

300 pg. 

3 

2.9 

3.9 

2.9 

3.4 

in oil 


1 

1 





Pilocarpine 

0.5 mg. 

1 

2 

3.0 

3.9 

3.0 

3.7 


i.omg. 

2.0 mg. 

4.0 mg. 

4 

1 

3-2 

4.8 (6g. 2) 

3.2 

S .7 


8.0 mg. 

4 

0.06 

1 

1.5 (fig. 2) 

0.96 

0.9 

Pitressin in 

o.s u. 

7 

1.2 ±0.06 

2.1 ±0.17 

1.2 ±0.06 

3.0 ±0.86 

oil 

I.O u. 

7 

0.26 ±0.32 

O.S3 ±0.08 

0.26 ±0.32 

1. 5 ±o.is 


2.0 u. 

7 

0.08 ±0,14 

1 

0.56 ±0.06 

0.08 ±0.14 

1.3 ±0.26 

Pituitrin 

I to 3 

22 

2 . 5 ±0 . 68 

3.0 ±0.77 

2.5 ±0.68 

3.4 ±0.68 

aqueous 






1 


each of the two agents alone suppressed the turnover anyway, it would be unlikely 
that when combined they would antagonize one another in this phenomenon. 

Dilution of food, therefore, inducing a continuous voluntary turnover of large 
quantities of water, furnished a basic pattern of rapid water exchange. Three chemi- 
cal preparations in appropriate doses were capable of suppressing part of the excessive 
turnover. The question then remained as to whether the agents acted upon some 
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identifiable part of the water exchange; it was partially answered in Series II and HI 

below. r r 01. 

Series 11 . Rats that had been without water (but with dry food) for 48 hours 

lost about 9 per cent of the body weight. Wdien then allowed to drink they ordinarily 

drank enough water in one hour to make up about three fourths of the weight that 

had been lost (fig. 3), but when certain doses of pilocarpine were given, intake was 

severely inhibited. The inhibition did not last through a whole day, hov/eyer, and 

recovery from water deficit was largely achieved before food was again furnished to 

the rats. 



Fig. 3 CoJroxATivE intakes of distilled water by rats injected with pilocarpine 0.5 hr. 

before water was first allowed at zero time. Rats had been deprived of water but allowed dry food 
(whole milk powder) for 48 hr. previously. Body wt. 48 hr. ago was taken as zero. Each point is 
the mean of 29 (o dose), g (2 mg.) and 7 (8 mg.) tests. Drinking was inhibited in the first half hour 
by both doses. 

Fig. 4 (ftg/iO . Cumulative intakes of distilled water by rats that bad been deprived of water 
during the previous 48 hr. They were allowed food during that period, but not after zero time. 
The body wt. 48 hr. previously was taken as zero wt. Controls, 29 tests; 50 ng. dorjd, 4 tests; 200 
ng. doryl, 6 tests, animals prostrated for 2 hr., which accounts for their small initial intake. Doryl 
was injected into a leg muscle 0.5 hr. before zero time at which water was first allowed. 

Of the hormone preparations tested, only pilocarpine and doryl (carbaminoyl- 
choline) had significant influences upon water ingestion (table 2). The manners of 
action of the two agents were markedly different. After pilocarpine the animals 
mouthed the drinking tubes but took very little from them. Often they withdrew 
to other parts of the cages, but soon approached the tubes again. This may be desig- 
nated as a behavior of frustration. After doryl (fig. 4) the animals were prostrated, 
to the point where they were physically unable to drink, by a dose sufficient to in- 
hibit drinking at all. Pilocarpine could be said to exert an effect upon drinking, but 
doiyd an effect upon all neuromuscular activities including drinking. In this way it 
is demonstrated that of the three agents that reduced the rate of water turnover, 
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one of them (pilocarpine) influences water intake under conditions where intake is 
not inliibited by the accumulation of a water excess in the body. In dehydrated 
rabbits a similar inhibition of drinking was reported by Pack (2). In dehydrated 
men a lesser dose of pilocarpine had no influence upon drinking (3). The effects of 

Table 2. Inelxjences of setcral agents upon water exchanges 


(Means and Standard Errors) 



SERIES II 

SERIES III 



NO. 

IKTAKE OF WATER AFTER 48 

NO. 

OUTPUT OF URINE AFTER 

AGEKT 

dose/kat 

EE. WITHOUT WATEE 

6x5% WT. IN 3 HRS. 

(lNTEAiniSCULAliI.y) 

OP 


or 


TESTS 

% wt. in first hr. 

TESTS 

% Wt. in 4th hr. 


Control 


29 

6.4 ±0.38 (fig. 3) 

2S 

6.0 ±0.25 

Acetylcholine 

300 iig. 

600 fig. 

■ 

6.1 

1 

6.4 ±0.6 

Dorj'l 

SO 

4 

5-3 (fig- 4) 

s 

4.9 ±0.4 


200 fig. 

6 

1.8 Prostrated 




600 fig. 

4 

Killed 



Atropine 

17 Aig- 



3 

6,3 ±1,3 


SO lig- 

4 

5-0 

6 

S.o ±0.4 (fig. 3) 

Atropine, then 

17 fig. + 0.5 mg- 

4 

5-3 



Pilocarpine 

Sopg. -1- 4.0 mg. 
100 pg. -f 4-0 mg. 



2 

4.1 ±2.1 

Epinephrine 

300 fig. 





in oil 






Pilocarpine 

o.s mg. 

3 

7-4 

3 

5.6 ±0.4 


i.o mg. 

2 

7.1 




2.0 mg. 

9 

3-0 




4.0 mg. 

3 

3.9 ±1.0 (fig. 3) 

4 

5.5 ±0.8 


8.0 mg. 

7 

2.9 ±0.8 (fig. 3) 

4 

5.0 ±0.7 

Pitressin in oil 

o.s u. 






1 .0 u. 






2.0 u. 

s 

S -5 



Pituitrin 

1 to 3U. 

■ 




aqueous 


■ 





pilocarpine in all species are transient and show themselves only when observations 
are made in periods of an hour or less. 

Other effects of pilocarpine and doryl were visible. Both of them in all the doses 
tested (but none of the other agents) produced the well-known secretion of red pig- 
ment (protoporphyrin) in eyes and nose. Pilocarpine in doses of 4 and 8 mg. (and 
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no other agents) produced diarrhea; this was not seen until one hour after drinking 
began. Both substances (and no other agent) produced drooling salivation. It has 
been supposed by other investigators that the presence of copious saliva in the 
pharynx is important in the inhibition of v/ater drinking (e.g. Cannon, 4). We ob- 
sen-’^ed as much salivation after 50 VZ’ doiyl and after 0.5 mg. of pilocarpine, 
which did not inhibit drinking, as after larger doses of each that did suppress drinlr- 
ing. This fact seems to constitute clear evidence that water intake is not diminished 
merely by having the throat flooded with saliva. 

Postpituitary agents have sometimes been supposed to modify the urge to drink. 
Physiologists familiar with the syndrome of diabetes insipidus suggest that these 
agents will generally reduce the amounts drunk. Those who think of pituitrin as 



Fig. 5 . COiniI.ATIVE E>:CHANGES OF 
WATER and body wt. in rats to which water was 
forced by stomach tube in 6 portions. Each 
point is the av. of 6 tests; 50 pg. of atropine 
were injected 0.5 hr. before zero time. The 
substance injected produced no difference 
from controls. 


antidiuretic are likely to suggest that drinking will be enhanced by it. The present 
experiments show that neither effect is significantly realized in normal rats. 

Series III. The capacity to excrete water at high rates was tested by adminis- 
tering large voltunes of water by stomach tube. Thirty per cent of the body weight 
of water was given mthin three hours. After the last dose the body weight was 
usually 13 per cent in excess and a rate of urine formation of 6 per cent of the body 
wt/hr. was regularly reached. WTien atropine was given, no significant modifica- 
tion occurred in the rate of ruinary excretion even for an hour or two (fig. 5). Not 
all of the agents under consideration were tested here (table 2) because numerous 
tests of antidiuresis have been reported by other investigators. 

The antidiuretic properties of postpituitary extracts are well known (5, 6), but 
it may be recalled that in some doses the extracts enhance urinary flow (7). Epi- 
nephrine has not been found to be antidiuretic in rats; in some doses it even accel- 
erates diuresis (8). Acetylcholine is believed to oppose diuresis by exciting the 
postpituitary gland to secrete antidiuretic substance (9, 10); though after injection 
its influence is short-lived, perhaps due to its rapid inactivation. 
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Tlie upshot of the investigation is that atropine, pilocarpine and postpituitary 
substances may temporarily reduce the turnover of excessive water by rats. Pilo- 
carpine in large doses inhibits drinking, pituitrin inhibits excretion and atropine suc- 
ceeds in affecting water turnover only in the second hour after it is injected. The 
results serve as a warning against too literal a partitioning of the diverse water ex- 
changes. 


COMMENT 

The tests here reported demonstrate clearly that rapid turnovers of water may 
be limited at intake as well as at output. Whenever intake of dilute food mixture is 
reduced (by pilocarpine), output is automatically reduced. Whenever output is 
reduced (by pituitrin), intake of dilute food is promptly reduced. In the latter case 
it appears probable that the urge toward ingestion is stopped by the incipient accumu- 
lation of water in the body. The impairment of either ingestion or excretion will 
modify water turnover. Or, turnover is not regulated wholly, if at all, at the organs 
of exchange, but is regulated more nearly in accordance with the water content of 
the body. Ingestion and excretion are means of correcting a deficit or an excess, 
when they are not thrown out of action by an agent such as one of the substances 
here studied. 

At present there seems to exist no evidence that rats or any other mammals 
regulate water content by the repeated correction of deficits, any more frequently 
than they regulate it by the correction of excesses. Exchanges by ingestion and by 
excretion are equally dependent upon other factors; they are intimate parts of a 
complex. 

The methods here employed serve as assay procedures for substances that affect 
water exchange. By the method of Series I it is possible to assay atropine, pilo- 
carpine or postpituitary hormones without any manipulative administration of water 
(by tube or needle). By the method of Series II any modifier of drinking may be 
evaluated; such modifiers may be termed antiposic agents. By the particular pro- 
cedure of Series III, antidiuretic agents may be assayed under conditions of maximal 
water excretion. 

Theories of 'thirst’ have been mainly concerned with the localization of an effec- 
tive excitation to drink. No agent has been found that enhances water intake with- 
out the intervention of bodily dehydration. The urge to drink has been suppressed 
appreciably by pilocarpine and doryl. B oth these agents are regarded as cholinergic. 
It is not yet demonstrated that cholinergic substances in general inhibit drinking. 
The points of action of such substances are so numerous that no profitable specula- 
tions can at present indicate their locations. Local administrations of such sub- 
stances may eventually help to define their points of action in the urge to drink. 

SUMMARY 

By diluting the food with large proportions of water, rats were induced to ingest 
large volumes of water which were continuously excreted. The large turnovers were 
inhibited by administering intramuscularly atropine, pilocarpine or postpituitary 
extracts. After rats had been without water for 48 hours, maximal ingestion was 
secured when water again became available. Ingestion and thirst were inhibited by 
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certain large doses of pilocarpine and of doryl. The inhibition was not found in all 
doses that stimulated excessive salivary flows. By administering water by stomach 
(6 doses, each 5% of the body wt.), water diuresis was induced. Of the agents tested, 
only postpituitary extracts appeared to be potent in suppressing the diuresis. Rapid 
turnovers of water in rats are regulated no more by output than by intake. Both 
exchanges are part of a complex which at present defies breakdown and which accords 
with the v;ater content and (no doubt) other properties of the body. 
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PARTIAL NEPHRECTOMY AND THE WATER EXCHANGES 

OF RATS' 

E. F. ADOLPH AND S. L. FARMINGTON 
From the Department of Physiology, University of Rochester School of Medicine and Dentistry 

ROCHESTER, NEW YORK 

W HEN rats ingested large quantities of water in obtaining food with which 
it was mixed (i), large volumes of urine were also excreted. This dietary- 
regime provided an easy method by which to pass excess of water through 
the animals and hence made feasible a study of the consequences of excessive turnover 
of water. 

The present investigation is a partial exploration of some adaptive mechanisms 
of water exchanges. The question arose, would ingestion be diminished if the excret- 
ing tissue were reduced? Further, does the amount of renal tissue determine or 
modify water diuresis? It is well known that partial nephrectomy leads to h)q)er- 
trophy of remaining renal tissue. Does high turnover of water also influence the 
rate or amount of hypertrophy? Answers to these questions are given here, 

PROCEDURE 

Each rat -was maintained in a metabolism cage, in a cabinet kept at 2^°C. In Series I the sole 
source of intake was a drinking cylinder containing 250 ml. of dilute milk. The milk mixture had 
2.6 per cent of solids and was made each 24 hours by mixing 25 ml. of canned fortified milk (For- 
mulae) with 0.5 gra. of benzoic acid and 225 ml. of distilled water. Of this liquid, rats drank quanti- 
ties approrimately equal to their own body weights each 24 hours (i). 

Male rats of 150- to 200-gm. weight were given 3 to 10 days in which to become accustomed to 
the diet; then three days of control observations w’ere allowed. On zero day rats were nephrecto- 
mized through flank incisions imder ether anesthesia, in tliree diverse ways. In Group A a single 
kidney was excised (i nephrectomized) after decapsulating it and tying the vessels of its hilus within 
the capsule. In Group B a half of one kidney was decapsulated and excised after tying a coarse 
thread through its middle; at the same time the other kidney was totally excised (i^ nephrectomized). 
In Group C half a kidney was excised alone, followed seven days later by excision of the remaining 
whole kidney (-| + i nephrectomized). In every case care was taken to leave intact the adrenals 
and their blood vessels. The period of the surgical operation deprived the rats of food and drink over 
several hours. Both the operated individuals of the three groups and the unoperated controls were 
returned to the same cages and diets as before. Subsequent intakes and urinary outputs were 
measured in 24-hour periods. 

In Series II, male rats were tested, before and after i^- nephrectomy, for excretory capacity. 
By forcing water into them through a stomach tube, the excretion of water attained a maximal rate, 
independently of the urges to drink. Warm distilled water equal to 5 per cent of the body weight 
was given at intervals of one-half hour for six or three administrations. Urine as spontaneously 
voided was collected in special small funnel-cages during at least six hours; its volume and the body 
weight were recorded every half hour. These animals were supplied ad libitum with dried whole 
milk and water. 

Received for publication October ii, 1948. 

1 The investigation was aided by a contract between the Aeromedical Laboratory, U. S. Air 
Forces and the University of Rochester. 
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At surgical operation the excised renal tissue was placed in a tared weighing bottle. After the 
tissue’s wet weight had been ascertained, it was dried in an oven at loo^C, for two or three days until 
a minimal weight was attained and checked. With certain exceptions each rat was killed at 7 to 18 
days after operation, if it survived that long, and its remaining kidney was then treated similarly. 
These determinations furnished information as to the extent of hypertrophy and its composition. 

Daily Water Turnover {Series 7 ). Rats subjected to loss of kidneys at one 
operation {Group B) drank about one third of the usual amount of dilute food in 
the first 24-hour period (fig. i). Correspondingly the output of urine was small. 
On subsequent days the intake gradually increased and, at the end of about seven 
days, stabilized at the rate of water turnover characteristic of the days previous to 
operation. Hence nephrectomy modified the intake and output of water, but 



Fig. I. Meaih body wt. and rates of fluid intake (2.6% milk solids) and of urinary output, 
in % of body wt/ 24hr., in 4 rats from which kidneys were excised on zero day. 

only temporarily. The body weight progressively diminished during the days of 
observation, but no more rapidly than in unoperated rats on this dilute diet. As 
previously shown (i), maximal water intake prevailed only when the rats were fur- 
nished a mixture of milk which was so dilute (2.6% of solids) that maintenance of 
body weight failed by a slight margin. 

Further results can be pictured in terms of fluid intakes, since urinary outputs 
paralleled them on each experiment. The disparities between fluid drunk and urine 
collected were due chiefly to incomplete catchment of urine, some of it evaporating 
before it ran down the funnel of the metabolism cage. It is seen (fig. 2) that excision 
of one kidney {Grottp A) diminished the intake of fluid but slightly and for only a 
single day at operation. Excision of half a kidney {Group C) likewise diminished 
the intake slightly for a single day; subsequent excision of the whole remaining kid- 
ney diminished it for two days. Unoperated controls showed a suggestion of dimi- 
nution for a single day, due to the fact that they were denied food and drink for the 
duration of the surgical operation and recovery period in the other individuals. 
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In sum, removal at one operation of i| kidneys produced the only marked diminution 
of water turnover and that diminution lasted only six days. 

The above experiments show that unilateral operations upon kidneys diminish 
water exchanges only on the day of operation. After bilateral operations on one 
day, six or seven days are required for recovery. Evidently the reduction of renal 
mass does not itself decrease the turnover of water (as in 5 + i nephrectomized) but 
the immediate sequelae of operation do. It is well known (2, 3, 4) that excision of a 
kidney leads to inflammatory processes along with hyperplasia of proximal tubular 
epithelium in the other kidney. Much renal insufficiency temporarily prevailed, 
most of which effectively cleared up within seven days. 



Fig. 2. Meak rates of fluid intake (2.6% milk solids) in % of body wt/24 hr., in rats sub- 
jected to 3 extents of nephrectomy upon zero day. Rats | + i nephrectomized were also subjected 
to the second portion of nephrectomy upon the 7th day (at arrow). Each point is the mean of 12 
in controls, 8 in l-p i nephrectomized, 4 in r^ and 4 in i. 

The severity of the operation was indicated by the fact that 43 rats underwent 
excision of kidneys in order that 16 could survive until planned autopsy was in 
order. The other 27 died at two to eight days following the operation, with signs 
of uremia. In them, it is beheved, recovery of the reorganizing renal tissue was too 
slow to allow the rat to survive. In some, blood supply to the remaining renal tissue 
may have been occluded. Of 14 rats ? + i nephrectomized, 5 died, 3 of them after 
a single operation, and 2 after the. second operation. Hypertension is known to 
develop gradually during the first two months after this operation (5, 6). There- 
fore the lethal effect seems to be only partly related to the amount of tissue excised; 
instead, it is related to the immediate tissue damage done at any one operation. 

Water Diuresis. Control rats were tested repeatedly to find whether water 
excretion was more rapid after they had experience in water diuresis. The standard 
water administration (6 doses) was employed. Figure 3 shows that after several 
tests at semi-weekly intervals the rats excreted the water faster than in the first test. 
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As a result, the body weight did not reach so high an excess. Maximal rates of ex- 
cretion seemed to be reached in the third test of each individual (table i) and were 
not enhanced further in as many as eight repeated tests. These tests illustrated the 
fact that rats adapt to water excess by e.xcreting the water faster, as was reported by 
Liling and Gaunt (7). In the present tests it was apparent that the faster excretion 
of water directly prevented the accumulation of so great an excess of water in the 
body and, consequently, avoided a part of the tendency for toxic effects of v/ater 
excesses to occur. Most noteworthy is the fact that the water diuresis after adapta- 
tion was much more prompt in its onset and did not require the slow development 
which was characteristic of the first tests. The diuresis may have been reflexly in- 


Table I. Maximal water loads and maximal urinary flows in rats given by 
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hibited somewhat in the first and second tests by the procedure of repeated stomach- 
tubing. It may be remarked (fig. 3) that the most rapid urine flows ivere in the 
periods after the last administration of water; this is the case even in the tests after 
acclimatization to water administration. This phenomenon also suggests that there 
may have been a release from inhibition where manipulations of the rat ceased. 

Individuals nephrectomized (Series H) were in all stages of adaptation, ha\dng 
had from o to 8 previous tests. After operation they were tested usually on the 
second, fifth and ninth days and subsequently at weekly intervals (table i). Some 
individuals were too ill to be used for test; these died. In addition, those with the 
lowest rates of excretion during water tests soon died before a second test could be 
made. There was no evidence that the water administrations as such prevented 
survival. 

In first water tests after nephrectomy (fig. 4), excretion of water was much 
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slower than before operation (about I as rapid) and water accumulated to an average 
of 20 per cent of the body weight. Subsequently the rate and promptness of diuresis 
increased, so that in the fifth tests (at 18-24 days postoperatively) the rates were 
about one-half and, later, two-thirds of those characteristic of the same individuals 
before partial nephrectomy. The higher rates of excretion then prevented so great 
an accumulation of water in the body. 

Apparently one fourth of the renal tissue could on the average excrete urine one- 
half or two- thirds as fast as ail the renal tissue. Individual tests showed as much as 
four fifths of the mean excretion manifested by intact kidneys. Four rats with 
kidneys excised were kept for i| to 3 months and successive tests tended to show pro- 
gressive recovery of maximal urinary flow. The results suggested that the limit of 
functional recovery was then approximately reached. It may be concluded that 
while complete absence of renal tissue would, of course, prevent water excretion, less 


Fig. 3. Uhinaux output in re- 
lation to water load in intact rats. 
First test, mean of 25 individuals; sth 
test, mean of s individuals. In each 
test water equal to s% of the body wt. 
was placed in the stomach each half 
hour for 6 doses. Points represent the 
mean water retention and mean rate of 
excretion during each half hour period; 
open points during increasing w’ater 
loads, solid points during subsequent 
decreasing loads. 



than one half of the tissue is sufficient for a maximal water diuresis at rates approach- 
ing the rates of excretion possible in intact kidneys. 

The increase in rate of water excretion that followed recovery from partial 
nephrectomy was not appreciably due to the above adaptation process in the water 
test. The increase was about as great in previously adapted rats as in fresh ones. 
Presumably it was chiefly concerned with reorganization of functions in the remain- 
ing renal tissue. It was apparent up to 24 days after operation, which was a much 
longer period of increase than was visible in the drinking tests (fig. i). Evidently 
the turnover of fluid ingested in the form of 2.6 per cent milk solids was limited by 
the maximal rate of water excretion only up to the seventh postoperative day; there- 
after about half the’ maximal rate characteristic of the intact rat prevailed and was 
sufficient to maintain the turnover. Nevertheless, to maintain that turnover the 
maximal rate (3%/hr.) had to be approximately maintained by the rat in every hour 
of the day and night. 

It might be supposed that the large excesses of body water forced upon the rats 
in six doses of 5 per cent of the body weight were too large for optimal excretory func- 
tioning. Other tests therefore were done in which three doses of 5 per cent each were 
given (fig. 5). In control rats the maximal rates of excretion attained were 5 per 
cent/hr., instead of the 6 to 8 per cent/hr. after six doses. Two days after 
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nephrectomy, maximal diuresis was about 3 per cent/hr., which was very close to 
the mean rate found after six doses (fig. 4)- The total effect of nephrectomy upon 
water diuresis was therefore manifested to about the same degree whether three or 
six doses of water were administered and whether maximal water loads were 20 per 
cent or only 10 per cent of the body weight. 

Current views as to how water is excreted in mammalian kidneys emphasize 
the enormous rates of believed capsular filtration. According to these views, reduced 
renal tissue would have no difficulty in forming urine rapidly. The estimated rates 
of filtration (maximal creatinine clearances) in normal rats are reported as 90 per 
cent of the body wt/hr. (8). Unless the filtration rate increases in the residual frac- 
tion of renal tissue, as is altogether likely, the remaining one fourth of kidney sub- 
stance was during the water test excreting urine equal to one fifth of its original filtra- 



Wo^'er LoadjBirMnt of Wei<jM Vafer Looi,Pc rteM of V/eijM 


Fig. 4 Ueinary output in relation to water load in nephrcctomized rats. Procedure 

same as in fig. 3. First tests (8) were done 2 or 3 days after nephrectomy; 5th tests (7) were 18 
to 24 days after operation. 

Fig. s { Tight ). Umnasy output in relation to water load in rats given 3 doses of 5% of wt. 
of water; otherwise procedure was same as in fig. 3. Control tests (ii) were before operation; other 
tests (4) were 2 to 3 days after nephrectomy. 


tion flow (22%/ hr.). In anesthetized rabbits under sulfate diuresis it is estimated 
that urine flow may equal two thirds of the capsular filtration rates and, under bi- 
chromate nephritis, may even equal them (9). Solutes that are ordinarily ‘reab- 
sorbed’ appeared in the urine under those conditions. In the rats studied here, 
neither glucose nor protein appeared in the diuretic urine more frequently than in 
ordinary urine. 

The experiments show clearly that the maximal rate of water excretion in the 
normal rat is not wholly limited by the amount of renal tissue. The flow or pressure 
of the blood may be limiting or the rate of water absorption from the intestine may 
be limiting. The latter would presumably be unaffected by partial nephrectomy, 
and if limiting, would not lead to the convulsions which occur; the former may adjust 
within a brief period of time after operation. 

The ordinary rates of water turnover by rats as a result of i J nephrectomy re- 
main to be mentioned. Five individuals were intensively studied for 3 days before 
operation and 17 days after it. Food intakes were less for 3 days after operation, 
but water intakes were less only upon the day of operation and urinary output paral- 
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leled them. Hence, though others have observed polyxiria (5, 10), we found no 
important or significant change in metabolism of solids or of water beyond the three 
days after nephrectomy. Whether dietary or other factors are responsible for the 
difference is not clear. 

W aier Iiiioxication. Convulsions were induced when large quantities of water 
were retained in rats, as in other mammals. In the present series, convulsions were 
absent in all but one of 54 tests before nephrectomy (25 individuals). They occurred 
in 14 of 54 tests after nephrectomy (14 individuals). Any one individual might 
convulse in some tests and not in others. Somewhat more water was retained in 
the nephrectomized individuals (16-20% of the body wt. at 3 hr. of the test) as com- 
pared with the intact rats (10-13%). A.t 16 to 22 per cent retention lies the usual 
threshold for convulsions in rats. It should also be recognized that other factors 
than water content or dilution of body fluids enter into the induction of convulsions, 
since marked species differences prevail. 

Hemoglobin sometimes appeared in the urine during water tests, with equal 
frequency in the controls and in the nephrectomized. Hence hemoglobinuria did 
not result from the state of the kidneys nor from the extent of the water excesses 
present in the body as a whole; probably it was produced by the dilution of blood 
during the process of water absorption from the intestine. Aside from the days of 
water tests, blood and protein appeared in the urine almost exclusively on the days 
of surgical operations and were evidences of local damage. 

Renal Hypertrophy. It has frequently been supposed that prolonged exaggera- 
tions of water turnover lead to renal h)q)ertrophy. As evidence for this, the large 
kidneys sometimes found at autopsies of habitual beer-drinkers are cited. Rats that 
received only 2.6 per cent of milk solids in water were often excreting their body 
weights of urine every day. Some 25 of them (not nephrectomized) were killed, their 
kidneys were weighed and compared on the basis of body weight with the standard 
series reported by others (ii). No appreciable difference was found (table 2). It 
is concluded that rapid turnover of water is not a stimulus to hypertrophy of the 
kidneys. 

Evidence of renal hypertrophy inevitably involves a knowledge of changes of 
body weight and of renal growth that occur during any dietary regime. Upon the 
above dilute-food regime the rats were slowly losing weight. It might be that the 
kidneys did not grow smaller as the body shrank and that the body weight charac- 
teristic of the day upon which the regime started should be used for prediction of 
kidney weights. After certain types of weight diminution due to dietary restriction, 
however, it has been ascertained that the kidneys dimmish proportionally in weight 
(12). Actually the body weight diminutions were sufficiently small (table 2) so that 
the hypertrophy would not be significantly different if the initial body weights had 
been used in predicting renal weights. 

Partial nephrectomy is well kno^vn to induce hypertrophy of the remaining renal 
tissue. Would this hypertrophy be greater in rats having high turnovers of water? 
The extent of hypertrophy was accurately judged in the i-nephrectomized rats by 
comparing the weight of the kidney obtained at autopsy with the weight of the kidney 
first excised at operation. The hypertrophy was moderate (table 2) and of the same 
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magnitude as in adult i-nepbrectomized rats maintained upon diets of low water 
content but of about the same protein contents (13, 14). 

After i|- kidneys had been removed, the hypertrophy could be estimated only 
by adding the weight of the half kidney removed at operation to the w’eight of tissue 
found at autopsy. The average percentage hypertrophies were 15 per cent in the 
rats operated in two stages and 30 per cent in the rats operated bilaterally at one 


Table 2. Mean \n'EiGHTS and water contents (with standard errors) of the 
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etherization. Previous investigators (5) carried out 75 to 85 per cent excision of 
kidneys in rats but did not attempt to estimate the resulting hypertrophies. 

It is plain that after partial nephrectomy, the remaining renal tissue undergoes 
no more hypertrophy vnth. the stimulus of rapid turnover of water than wthout it. 
A hypertrophy of 30 per cent by weight is insufficient, in fact, to account for the 
amount of function manifested during water diuresis and it can be concluded that 
water diuresis was not greatly limited by the amount of renal tissue. It is probable 
that more extensive h3pertrophy occurs in certain proximal tubular structures of 
the kidneys, as pictured by Oliver (4) and Rollason (15), but not in the number of 
nephra (16, 17). 
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The water contents of excised renal tissues were ascertained (table 2). On 
logarithmic grids the lines drawn through the points of absolute water contents are 
parallel to those drawn through the points of absolute kidney weights. Hence the 
relative water contents were not different before and after hypertrophy, as the 
tabulated means show. In hypertrophied kidneys some investigators have reported 
that the water fraction is increased (14); others that it is unchanged (3, 21). 

Slight increases in relative water content were reported in kidne^^s taken from 
rats killed while they had water diuresis (18). It is possible that direct comparisons 
between our animals in high water turnover and those consuming dry food would 
have demonstrated a barely significant increment of water in the renal tissue, 

COMAIENT 

The rate of forced water ingestion was reduced for a few days following excision 
of more than one kidne3^ Evidently the excretion of water was then retarded, lead- 
ing to an immediate inhibition of intake when only dilute food was available. As 
the reduced renal tissue recovered from the operation, the intake was restored to its 
initial rate. This inhibition constitutes emdence that a slight accumulation of ex- 
cessive water in the body is sufficient to discourage intake of water, even though the 
urge to obtain food is somewhat increased at the same time. Some day it will be 
known just how an increase of body water content may suppress the urge to drink. 

The rate of water excretion, it is shown, depends upon the amount of function- 
ing renal tissue to only a limited extent; it is further limited temporarily when the 
functioning is upset as a sequel of surgical manipulation. Once the renal tissue has 
recovered from the immediate effects of operation, one fourth of the renal bulk is 
quite sufficient to carry on either maximal forced turnover of water or half-maximal 
forced water diuresis. While a marked reduction of renal bulk could limit water 
diuresis, another correlative of functional capacity than mere bulk of tissue may some 
day be identified. 

Maximal rates of urine production have now been obtained in normal rats after 
adaptation to repeated administrations of water. These rates average 8 per cent of 
the body wt/hr. The shape of the curve, relating water excess to rate of excretion 
(fig- 3)7 is sensibly linear up to 4 per cent of the wt/hr.; at higher rates it tends to be 
independent of water load. Hence there is reason to beheve that still higher loads 
(above 15% of the wt.) will not induce faster diuresis. Loads of 20 per cent usually 
induce convulsions in rats ; these convulsions are not lethal, we find. The occurrence 
of convulsions is not correlated with the period of time since nephrectomy and hence 
not with the amount of arterial hypertension. 

An intermediary regulator of renal hypertroph}'- is believed to be the anterior 
hypophysis. "V^ffien it has been removed, imilateral nephrectomy no longer leads to 
renal hypertrophy (19) ; instead, the kidneys diminish in size and possibly in function 
(20). The chief factors that exaggerate the hypertrophy after partial nephrectomy 
in rats are: youth, high protein intake and testosterone administration (21), All 
are believed to represent a high intensity of protein metabolism, which might in turn 
excite the intermediaries. These same factors accelerate the enlargement of the 
kidneys without nephrectomy. To many other factors that have been found not to 
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induce renal enlargement, continuous rapid water excretion may now be added. 
The present results confirm in this respect the negative results obtained in the at- 
tempts of Hinman and Belt (22) and Chanutin and Ludewig (23) to influence renal 
hypertrophy or water retention by injecting considerable volumes of saline or urea 
solution each day. 


SUiDIARY 

After three to five repetitions of excessive water administration in normal rats> 
water diuresis was characterized by less delay in onset and greater rates of output- 
Maximal water diuresis was greatly diminished when li kidneys ^vere e.xcised- 
Within four weeks after operation water diuresis recovered to be, on the average, 
two thirds as rapid as before it. Water ingestion, that was forced by the method of 
furnishing only dilute food, was diminished only for one week follov.dng nephrec- 
tomy. Half or one nephrectomy did not have any appreciable effect upon vrater 
ingestion. Following nephrectomy, the h3Tpertrophy of the remaining renal tissue 
was no greater upon the regime of forced water than without it. Evidently pro- 
longed excessive excretion of water was not a factor in determining the amount of 
hypertrophy. The water content of the kidneys was not significantly increased by 
the forced water regime nor by the hypertrophy superimposed upon it. 
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LIYOGRAPHIC STUDY OF THE CAT’S HEART: EFFECT OF 
CHANGES IN VENOUS RETURN AND IN PERIPHERAL 
RESISTANCE ON VENTRICULAR CONTRACTION 

JOSEPH R. DiPALMA and RICHARD A. REISS^ 

From the Department of Physiology and Pharmacology, Long Island College of Medicine 

BROOKLYN, NEW YORK 

M YO GRAPHIC studies of ventricular contraction have been used to demon- 
strate that under certain conditions the heart contracts more or less 
forcefully (i, 2). For the most part it has been overlooked that the heart 
resembles most closely an elastic hollow sphere as first pointed out by Bayliss and 
later by Gesell (3, 4). The fact that the muscle fibers of the heart travel in different 
directions not only on the surface but in the depth of the myocardium further com- 
plicates matters. Moreover, with dilation the heart wall becomes thinner and the 
muscle fibers change their relationship to each other; most fibers are lengthened some 
conceivably are shortened. Finally the tension in the different layers of the heart 
wall is not equal in all layers. Particularly in the left ventricle it has been shown 
that the tension is greatest near the endocardium gradually diminishing towards the 
epicardium (5). With changes in heart size this gradient of tension is altered as 
the wall becomes thicker or thinner and this might be reflected in myographic meas- 
urements. 

METHODS 

In all the experiments cats (8 female, 7 male) weighing between 2 and 5 kg. were 
used. Anesthesia was intraperitoneal dial. The chests were opened and artificial 
respiration was given by means of an automatic pump. The venous pressure meas- 
urements were made by direct cannulation using a saline manometer. Heparin in 
the saline kept the cannulae free of clots. Arterial pressure was recorded from the 
carotid artery by use of a Hurthle Manometer in most of the cats and by a Hamilton 
Manometer with a cannula in the aorta in the others. The contractile force of both 
the right and left ventricular muscle was recorded by three different myographic 
techniques in separate experiments. Only the second method will be discussed in 
detail since the others have previously been described. 

Method I. CusJtny's Weighted Myograph. Essentially the same apparatus was used and tech- 
niques followed as described by Walton and Brodie (i). This consisted of an ordinary' Cushny’s 
myograph to which was added a calibrated steel spring. In practice by increasing the tension on 
the spring the movable lever was weighted to the exact point where motion of muscle no longer 
occurred. This point was called the isometric systolic tension (I.S.T.). In our experiments the 
myographs were sewn to both the right and left ventricles. The one for the right ventricle was 
placed on the anterior surface of the heart; the direction of contraction was towards the right shoulder 
region. The left Cushny myograph was placed on the left lateral wall of the heart and in this in- 

Received for publication September 22, 1948. 

* Research Fellow in Physiolog)’. 


327 



328 


JOSEPH R. DIPALMA AND RICHARD A. REISS 


Volume 155 


stance the direction of contraction v.-as parallel to the longitudinal axis of the cat. In all instances 
the m ovabie lever of the xnyocardiograph vas attached as far as practicable from the apex of the 
heart. 

Method H. Dynainograplt. The objection frequently raised with the Cushny type of myograph 
is that with changes in heart size tlic lever arms measure dilTerent areas of muscle contraction. 
To overcome this difficulty a new type of myograph was designed (fig. 1). A lucilc capsule whose 
lower surface enclosed an area of exactly one square centimeter was applied to the anterior surface 
of the right ventricle by means of suitable clamps. In the center of the circular aperture of the 
capsule a silk ligature was sewn to the heart wall. The upper end of the thread was tied to an iso- 
metric spring which was made of 31 turns of B&S 20-gauge piano wire in a 2 " diameter closely wound 
spiral. Another length of thread extended from the lower end of the spring over a pulley either to a 
lever system for k3’mograph recording or a mirror for optical recording. It can be seen how the 
myograph works by referring to figure i. During diastole when there is no tension on the wall of 
the heart the muscle bulges into the capsule. In sv'stolc the heart wall becomes tense, assumes a 
spherical shape and resists distortion of its surface hence little muscle can be pulled into the capsule. 
It is tWs in-and-out motion which is recorded. The spring and recording system is calibrated for 
each e.xperiment by hanging weights on the lotver end. Once set up tlie desired initial tension can be 
secured by raising or lowering the spring. In practice it was found tliat 10 gm. was the least initial 
tension compatible with smooth recording. The heart muscle remained well nourished and no local 
cyanosis was noted in five consecutive experiments. The typical records obtained with this device 
will be discussed in connection with the results. It should be obvious that the main advantage of 
this myograph is that the force of contraction of one square centimeter of heart muscle is measured 
despite changes in contour or size of the heart. 

Method HI. Inlramyocardia Pressure. This method has been extensive^ described before and 
consists of recording optically the changes in tension of an arteiy segment imbedded in the wall of 
the left ventricle (5). Although this method has been criticized by Gregg the findings in this study 
are limited to comparative values in the same animal and for this purpose are reliable (6). 

RESULTS 

U nweighied Cushny Myograph. WTien 30 cc. of N saline is infused at the rate of 
TO cc/min. the degree of excursion of the segments of muscle tmder study in both 
the right and left ventricle decreases (fig. 2). This occurs despite the rise in arterial 
pressure. It does not occur if the infusion is small or the animal is dehydrated, 
i.e, enough fluid must be given to increase the size of the heart appreciably. A 
decreased venous return caused by damping the inferior vena cava results in in- 
creased exclusion of the heart muscle despite a fall in arterial pressure (fig. 3). 
Again this result will not be obtained if the decreased venous return does not cause a 
decrease in cardiac size, i.e. if the heart is at a minimum size initially. These re- 
sults duplicated in four separate experiments show that an increase in cardiac di- 
ameter is associated with decreased excursion of the muscle fiber and a decreased 
diameter with increased excursion. 

Isometric Systolic Tension. Appropriate weighting of the Cushny myograph as 
in the technique of Walton and Brodie (i) permitted a determination of the isomet- 
ric sj'stohc tension (I.S.T.). These results obtained in one of three typical experi- 
ments are summarized in tables i and 2. With increased venous return the I.S.T. 
falls from a control of 18 gm. in the right ventricle to a low' of ii gm. in 2 minutes, 
recovery taking place in 15 minutes. During this period there is a rise in venous 
pressure and in arterial pressure (table i). Changes of the same order occur in the 
left ventricle. Similar measurements during decreased venous return (clamping 
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the inferior vena cava) show the opposite result. In this case the clamping was 
done at intervals so as to avoid anoxia of the heart muscle. Table 2 shows that there 
is a slight but definite rise in I.S.T. when the return of blood to the heart is decreased, 
more marked in the right ventricle as compared to the left. The reason for this is 
felt to be because of the difl&culty of properly applying the myograph to the pos- 
teriorly placed left ventricle rather than to actual differences in response of the two 
ventricles. This occurs despite a marked fall in arterial pressure and venous pres- 
sure. Again it is inferred that the major cause for these observ’^ed changes in I.S.T. 
is the change in cardiac diameter. 


Fig. I. Dynamograph. A 
special type of myograph which 
permits measurement of contrac- 
tility of I sq. cm. of intact heart 
muscle, in spite of changes in 
cardiac diameter. 



Dynamograph Records. This instrument gave relative measurement of the force 
of contraction of one square centimeter of muscle on the surface of the right ventricle, 
in spite of changes in cardiac size. Figure 4 shows the results obtained in one of 
five typical e.xperiments. Starting on the left is the control period where the ten- 
sion is 30/gm/sq. cm. diastolic (load tension) and rises to 68 gm/sq. cm. in systole. 
The arterial pressure is 65 mm. Hg. With an infusion of 30 cc. N saline, 10 cc/min. 
the diastolic tension has risen to 37 gm/sq, cm. and the systolic tension has fallen 
to 60 gm/sq. cm. at the end of 30 seconds. Hence the force developed during con- 
traction has changed from 38 gm/sq. cm. in the control period to 23 gm/sq. cm. 
during venous infusion. Again this occurs in spite of arterial pressure rise. Simi- 
lar changes occur in tension but in the opposite direction when the venous return is 
decreased by clamping the inferior vena cava (fig. 4). Thus this method gave simi- 
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lar qualitative results as the weighted Cushny myograph but under conditions where 
the surface area of the muscle under test was kept constant. 

Inlramyocardial Pressure. It was felt desirable to check the paradoxical results 
obtained with the Cushny myograph and the dynamograph with a different method 
of recording. Figure 5, A and B, shows the result obtained in a typical experiment 
with the infusion of 35 cc. of N saline at the rate of 10 cc/min. Control arterial 
pressure was 87/68 mm. Hg (fig. 5 J 3 ). At the termination of the infusion the pres- 
sures were 97/62 and 78 mm. Hg respectively (not shown in fig. 5). In this e.xperi- 
ment the carotid artery segment was located just to the left of the ramus desendens 
anterior artery and at one-third the depth of the left ventricular w'all measuring 
from the epicardial surface. Thus this experiment permits the conclusion that the 
lateral tension developed during systole in the wall of the left ventricle decreases 
with increases in cardiac diameter brought about by augmented venous return. 

Inilial Tension and Force of Contraclion of Ventricular Muscle. The results thus 
far conclusively demonstrate that increases in venous return with the consequent 
increase in cardiac diameter (initial length) are attended by a decreased ability of 
the myocardial muscle to shorten (as measured by these techniques). The question 
may well be asked what does serve as a stimulus for augmenting myocardial con- 
tractility? The dynamograph is a suitable instrument to test the effect of increased 
initial tension on the force of contraction. Figure 6 shows one such experiment. 
Arterial pressure remained relatively constant at a mean of 90 mm. Hg so it may be 
assumed that the state of the myocardium remained constant throughout the ex- 
periment. When the dynamograph diastolic tension was set at 10 gm/sq. cm. the 
systolic tension developed was 40 gm/sq. cm. Increases in diastolic tension to 27 
and to 40 gm/sq. cm. resulted in further rises in systolic tension of 75 and 100 re- 
spectively. There is no doubt that an increased initial tension causes enhanced 
cardiac muscle contraction. 

Intraventricular Tension and Force of Contraction. Clamping the aorta or pul- 
monary artery provides a convenient means of raising the intraventricular tension 
or initial tension. In figure 5, C and D, the effects of clamping the aorta on intra- 
myocardial pressure are shown. In figure 5 C, the control blood pressure was 93/70 
mm. Hg and the intramyocardial pressure 80 mm. Hg. Clamping the aorta raised 
the intramyocardial pressure to 165 mm. Hg. Similar qualitative results w'ere 
obtained using the dynamograph and the w’eighted Cushny myograph on the right 
ventricle but these are not included for the sake of brevity. It must be pointed out 
that raising the initial tension in this manner also increases the initial length as the 
heart regularly dilates with this procedure. However it has been demonstrated 
above that increases in initial length do not augment the force of cardiac contraction 
(measured with the myographs) and these last experiments indicate the importance 
of initial tension. 


DISCUSSION 

The perfect myograph would permit mensuration of the force of contraction of a 
constant volume of heart muscle despite changes in heart radius. Such an instru- 
ment has not been devised. The dynamograph used in this study while capable of 
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Fig. 2( vpper). Increased 
VENOUS RETURN, Unweighted 
Cushny myograph. From above 
downwards, arterial pressure, myo- 
graph left ventricle and right ven- 
tricle. Note the decrease in 
excursion with the onset of in- 
creased venous return (arrows). 




Fig. 3 (lower). Decreased 
VENOUS RETURN, Unweighted 
Cushny myograph. Tracings as 
in fig. 2. Note the increase in 
excursion with the onset of de- 
creased venous return brought 
about by clamping the inferior 
vena cava (arrows). 



Fig. 4. Dvnajiograpu rec- 
ords. Top, blood pressure. Bot- 
tom, tension of i sq. cm. of right 
ventricle. Left, note that with 
increased venous return the ten- 
sion decreases from 38 (68 minus 
30) to 23 (60 minus 37) gm./sq. 
cm. Right, the opposite changes 
occur with decreased venous re- 
turn. 
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measuring a constant area of muscle stili does not account for changes in thickness 
of the heart wall. Cushny’s myograph suffers from the added disadvantage that 
the distance between the recording arms changes as the diameter of the heart is 


A 



Fig. 5. IXTRA^WOCARDIAI. PRESSURE IHCaSUrcd 
from an imbedded carotid arterj' segment in the wail 
of the left ventricle (see tc.vt) related to aortic blood 
pressure. A, control period; B, during increased 
venous return. Note that the lateral tension in the 
left ventricle decreases from go (290 minus 200) to 60 
(260 minus 200) mm. Hg in spile of a constant aortic 
arterial pressure. Note also that while heart rate is 
constant the systolic period increased. Cardiac di- 
astolic diameter had increased. C, another control 
period; D, during clamping of the aorta distal to the 
innominate arterj'. Note in this case the great in- 
crease in lateral tension. 



83 







Fig. 6. Demo.n'.stration that an increase in in- 
itial tension causes increased contractilitj' of the in- 
tact right ventricle. Top, arterial pressure; bottom, 
dj-namograph. Note that rvith increases in initial 
tension from 10 to 27 to 40 gm./sq. cm. the maximum 
sj'stolic tension developed is 40, 75 and 100 gm./sq. 
cm. respectivelj-. Arterial pressure has remained con- 
stant throughout. 


altered. An imbedded arterj’’ segment also obviouslj”^ does not have a constant 
X olume of muscle acting upon it under conditions where the heart wall varies in 
thickness. These considerations preclude using the mj^graph in any quantitative 
study of heart muscle contractility. 
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Table i 


TIME 

ISOMETRIC SYSTOLIC TENSION, GM. 

cm.HsO reNOGS pp. 

sot. Hg ARTERIAL PP. 

R.V. 

L.V. 

Control 0 

1 

18 

30 

2.1 

50 


Infusion 25 cc. saline, 10 cc. min. 


sec. 10 

12 

23 

2.3 

60 

20 

II 

22 

2-5 

6S 

40 

1 


3-0 

70 

60 

II -5 

22 

3-2 

70 

So 

12 

23 

3-4 

73 

180 

II 

22 

3-6 

80 

min. 9 

14 

24 

3-0 

78 

15 

16 

29 

2-5 

75 


R.V. = Right ventricle. L.V. = Left ventricle. 


Table 2 


TIME, MIN. 

ISOMETRIC SVSTOLIC TEKSION’, CM. 

CM. H :0 S'ENOUS 

SOI. Hg ARTERIAL 

R.V. 

L.V. 

PP. 

PP. 


Controls 


0 

15 

36 

2.7 

73 

2 

17 

40 

2.5 

73 

4 

16 

32 

2.2 

74 

6 

17 

31 

2.3 

75 

Average 

16.2 

34.7 

2.4 

74 


During decreased venous return 


8 

18 

33 

1.5 

10 

10 

21 , 

34 

1-3 

12 

12 

23 

37 

1.3 

15 

14 

24 

39 

1.8 

25 

Average 

21.5 

35-7 

1.5 

15.5 

Controls 

9 

18 

30 

2.8 

80 

II 

16 

27 

2.4 

85 

13 

16 

28 

3-0 

75 

Average 

16.6 

28.3 

2.7 

80 

R.V. = Right ventricle. 

L.V. = Left ventricle. 




Qualitative deductions may be permitted from myographic study provided certain 
physical relationships of the heart are kept in mind. The heart is a hollow globular 
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organ most closely resembling a hollov/ elastic sphere such as a soap bubble (3, 4), 
When the resting or diastolic diameter of such an organ increases, the volume con- 
tents increase as the radius cubed dhdded by three while the surface area only as the 
radius squared. To now expel its contents the muscle need not shorten through as 
great a distance (4), Our results show that tliis is true for the cat’s heart under 
conditions of increasing venous return (figs. 2 and 3). The total volume of muscle 
composing the wall of a ventricle cannot change acutely. With an increase in 
cardiac radius the wall must perforce become thmner since it is spread over a greater 
surface area. This has the effect of showing a decreased contractility when studied 
myographically. The reason for this is obviously the fact that with the increase in 
cardiac radius a relatively smaller amount of muscle is being measured by the myo- 
graph. Our results conform perfectly to this interpretation (tables i and 2, figs. 
4 and 5). 

On the other hand, when the initial tension is altered either locally or by increas- 
ing peripheral resistance our results show uniformly that the ability of the heart mus- 
cle to shorten is enhanced (figs. 5 and 6). This result obtains even when the radius 
of the heart is increased because of the increased load of a greater peripheral resist- 
ance. This would seem to indicate that changes in initial tension are capable of 
inducing a positive inotropic effect on the muscle fiber. In contrast changes in 
initial length have per se no effect on the state of contractility itself. Heart per- 
formance is altered merely because of the physical peculiarity of a hollow sphere, 
i.e. volume/surface area ratio is changed so that the heart wall has a better or worse 
mechanical advantage. 

Finally it should be pointed out that any type of myographic study of heart mus- 
cle should take cognizance of the results of such experiments as these. For example 
the comparison of different drugs on myocardial contractility by a myographic 
technique should be attended by observations of cardiac diameter and of changes in 
peripheral resistance. It is obvious that if a drug has the effect of increasing car- 
diac radius it will also have the apparent result of decreasing contractility. Also a 
drug which increases peripheral resistance will raise the initial tension and the myo- 
graph will record an increase in contractility which may not be a direct myocardial 
effect. 


SUMMARY 

Using three different myographic techniques the nature of cardiac contraction 
was studied during increased and decreased venous return and clamping of the aorta. 
Cats with the chest opened but with intact circulations were used. Analysis of the 
results was made on the basis that the heart resembles most closely an elastic hollow 
sphere. The results justify the following conclusions: i) During increased venous 
return a segment of heart muscle under study contracts through less distance. The 
opposite is true for decreased venous return. 2) During increased venous return a 
segment of heart muscle contracts less forcibly. The opposite is true for decreased 
venous return. 3) During clamping of the aorta and also v.’ith increases in initial 
tension induced locally with a special myograph (dynamograph) a segment of heart 
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muscle contracts more forcibly. Therefore, increases in initial tension cause the 
heart muscle fibers to contract more forcibly. 

These results would seem to indicate that the ability of the heart muscle fiber 
to shorten is not altered by changes in initial length but is altered by changes in 
initial tension. In the former instance work output is changed merely by a shift in 
the volume/surface area ratio of heart contents to heart wall. In the latter instance 
work performance is increased or decreased by an actual change in ability of the 
muscle fiber to shorten. 

The artifacts and mechanical paradoxes of myographic recording were pointed 
out and discussed. Qualitative deductions are permitted only when concomitant 
changes in heart radius and peripheral resistance are taken into account. 
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RIGHT AND LEFT HEART FAH^URE: UNILATERAL RISES IN 
RIGHT AND LEFT AURICULAR PRESSURE IN HYPER- 
VOLEMIC CATS FOLLOWING NEAR LETHAL DOSES OF 
QUINIDrNE, AURICULAR FIBRILLATION AND EPINEPH- 
RINE 


RICHARD A, REISS‘ and JOSEPH R. DiPALMA 
From Ihe Deparlmcnl of Physiology and Pharmacology, Long Island College of Medicine 

BROOKLYN, NEW YORK 

O pinion is divided as to the exact mechanism responsible for the elevated 
venous pressure of congestive heart failure. It is generally agreed, how- 
ever, that two factors most commonly present in late congestive failure are 
a weakened heart and an increased blood volume. In animals and man there, is 
strong evidence that simple acute increases in blood volume are not capable of 
producing prolonged elevations of venous pressure consistent with those found in 
heart failure (1-5). Likewise, experimental weakening of the myocardium has 
been found incapable of elevating venous pressure to signiheant levels (6, 7). Con- 
gestive failure with elevated venous pressure has been reported when both myocardial 
weakness and plethora have been induced in the same animal (8, 9), Yeomans 
el al., however, have observed pulmonary edema in normal dogs during the height of 
massive rapid infusions (10), 

Remarkably few experiments have been made in which both right and left auricu- 
lar pressures have been measured simultaneously. Our aim in this investigation was 
to compare the changes in the right and left auricular pressure in acute heart failure 
produced by combining h)TDervolemia with myocardial weakness. The results in 
this report furnish further evidence that dissociation of the dynamics of the right 
and left sides of the heart can occur under appropriate conditions of hypervolemia, 
myocardial weakness and recovery. 

METHOD AND PROCEDURES 

Data ■were collected from 13 cats, 8 female and 5 male, ■weighing 2 to 3.5 kg. Anesthesia was 
induced ■with Dialurethane solution intraperitoneally in doses of 0.6 to 0.7 cc/kg. body weight. 
Right and left auricular pressures were recorded with the chest opened and with artificial respiration 
through a tracheal cannula. Freshly paraffined glass cannulae ■were tied into the right and left 
auricles and pressures recorded with saline manometers to which heparin was added. The pres- 
sures were transcribed from the manometers to a smoked drum by Brodie Bellows which were cali- 
brated before each experiment. Arterial pressure was recorded from the right carotid artery ivith a 
mercury manometer. Fluids and drugs ■were infused into the femoral vein. Electrodes attached 
to the right auricle were connected to a Thyratron stimulator ha^ving a frequency of 600 impulses/ 
min. which generated current adequate to induce auricular fibrillation. 
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RESULTS 

Normal Right and Left Auricular Pressures. In 13 open-chest cats right auricu- 
lar pressure ranged between —10 nun. water and —43 mm. with a mean value of 
17 mm. In the same animals left auricular pressure ranged between 12 and 70 mm. 
with a mean value of 42. Values for left auricular pressure are comparable to those 
found by others in dogs with open chests (13), and to measurements of pulmonary 
venous pressure in unanesthetized closed-chest dogs (14). A similar range of right 
auricular pressure has been reported in normal mammals with the chest intact 
{dogs 5, ij), {humans 11, 12). In only one animal was left auricular pressure 
lower than right. The mean ratio of right to left auricular pressure was i to 2.5 
which approximates results found by Dexter using a saline manometer in intact 


Fig. I. Pressure in right 
AND LEFT AURICLE before and after 
acute hypervolemia. Control 
auricular pressures represented at 
— 12 min. Zero time indicates 
level of auricular pressures imme- 
diately after estimated blood vol- 
ume increased one-fold with phys- 
iological saline. Decline of auricu- 
lar pressure to almost control 
levels plotted in succeeding 17 
min. 



dogs (15). The values obtained for resting auricular pressure in our cats, then, are 
in essential agreement with results of other workers. 

Right and Left Auricular Pressure of Acute Hypervolemia. Landis and co-workers 
(s) and Yeomans et al. (10) have recently re-emphasized that simple massive in- 
creases in blood volume produced marked but only transient elevations of central 
and peripheral venous pressure with venous pressure dropping promptly after the 
infusion was discontinued. In one experiment in which left auricular pressure was 
measured it was found to rise more rapidly and to a much higher level than periph- 
eral venous pressure (10). 

Figure i illustrates a representative response to one-fold increases in estimated 
blood volume by rapid infusion of isotonic saline in 6 cats; 250 cc. of isotonic saline 
was given in 12 minutes. Right auricular pressure rose from 7 to 225 mm. water 
and left, from 12 to 290 mm.; 55 minutes after the infusion was terminated right 
auricular pressure had dropped to 60 mm. and left, to 155 mm. Seventeen minutes 
after the end of the infusion auricular pressures were almost at control levels. Arte- 




338 


RICHARD A. REISS AND JOSEPH R. DIPALMA 


Volume iss 


rial pressure dropped moderately at the onset of the infusion (i 15-100 mm. Hg) 
and had returned to control levels 17 minutes after end of infusion. This early drop 
has been noted by others (10) while Warren el al. (12) report that in normal human 
beings arterial pressure shows slight and random variations in response to infusion. 
Thus, as has been previously reported, acutely induced plethora produces marked 
but only transient elevations of right and left auricular pressure. 

Bilateral Elevations of Auricular Pressure with Quinidine. It has already been 
demonstrated that large intravenous doses of quinidine produce severe myocardial 
impairment (16-19). This is characterized by a sudden drop in blood pressure and 
a slowing of pulse rate. Although the negative inotropic action of atabrine has been 
utilized in attempting to produce heart failure experimentally (20), to our knowl- 
edge quinidine has not been employed in this manner. In our experiments, quini- 


Table I. Bii.,\teral rises in attricclar pressure (Mlf. OF water) 


CKT \ 

1 

RlOnx AURICLE 

LEFT AURICLE 

1 Control 

Quinidine 

1 

Change j 

Control 

Quinidine 

Change 


A. With Near Lethal Doses of Quinidine 


3 

1 

19 

51 

32 

78 

TOO 

22 

5 

25 

49 

24 

20 

38 

18 

7 

30 

j 60 

30 

69 

no 

41 

9 

32 

88 

56 

81 1 

103 

22 

Mean 

26 

62 

1 

36 

62 

88 

26 

CAT 

COirTROL 

AUR. riB. 

auxcE 

1 

CONTROL 

1 AUR. FIB. 

OUKCE 


B. With Auricular Fibrillation 


8 

1 20 j 

60 1 

40 

39 

no 

71 

9 

40' 

62 

22 

108 

152 

44 

12 

28 

40 

i 12 

119 

130 

: II 

Mean 

29 

54 

i 

89 

131 

42 


dine given intravenously in near lethal doses of 15 to 30 rag/kg. of body weight pro- 
duced a severe arterial pressure drop of 30 to 80 mm. Hg, a bradycardia, a pulse 
pressure increase, cardiac dilatation and an elevation of auricular pressure, usually 
bilateral. Table i A shows the bilateral rises in auricular pressure of 4 h5q)ervolemic 
cats given 25 mg/kg. of quinidine. Right auricular pressure rose an average of 36 
mm. of water and left auricular pressure, 26 mm. Similar results were obtained in 
cats with normal blood volumes. Spontaneous recovery from the cardiotoxic 
action of quinidine was attended by a gradual return of arterial pressure, heart rate 
and cardiac size to control levels and by a bilateral drop of auricular pressure. 
Although complete recovery takes 2 to 3 hours (16), auricular pressures returned to 
prequinidine levels in 3 to 15 minutes. It is therefore apparent that severe weaken- 
ing of the myocardium in normal and plethoric cats produces only moderate eleva- 
tions of auricular pressure. 

Unilaleral Elevations of Auricular Pressure with Quinidine. In the same cat mani- 
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festing bilateral rises in auricular pressure after further infusion, a repetition of the 
near lethal dose of quinidine produced a unilateral elevation of auricular pressure. 
This consisted of an elevation of right auricular pressure and a drop in left. Table 


Table 2. Unilateral rises in auricular pressure (mm. of water) 

.SoHi: cats as in table 1 mill greater hlovd volumes 


1 

1 

CAT ! 

RIGHT AURICLl: | 

LEFT AURICLE 


Control 

Quinidine 

Change 

Control 

Quinidine 

Change 


A. With Near Lethal Doses of Quinidine 


3 

55 

go 

35 1 

II 2 

89 

-23 

5 

20 

78 

58 

95 

70 

-25 

7 

no 

240 

130 

260 

i 195 

1 -^5 

9 

90 


25 


1 130 

— 20 

Mean 

69 

■■ 

62 

■■ 

I 2 I 

-33 

CAT 

1 

CONTROL 1 

AUR. TIB. 1 

aiANGE 

CONTROL 

AUR, FIB. 

CHANGE 


B. With Auricular Fibrillation 


s 

62 

So 

i8 

155 

124 

-31 

9 

63 

90 

27 

190 

115 

-75 

12 

50 

62 

12 

164 

140 

— 24 

Mean 

58 

77 

19 

169 

126 

i -43 


Fig. 2. Spontaneous recov- 
ery of heart weakened quinidine. 
At zero time maximal depression of 
the heart with quinidine is repre- 
sented by elevated auricular pres- 
sures and a low arterial pressure. 
Note that the first 75 min. of 
early recovery are attended by a 
rising left auricular pressure as 
right auricular pressure declines 
and arterial pressure rises. Fi- 
nalb' left auricular pressure begins 
to fall as arterial pressure con- 
tinues to rise. 



TIME IN MINUTES 


2 A lists the values obtained during these unilateral rises. Average rise in the right 
auricle was 62 mm. of water, while average drop in the left auricle was 33 mm. 

The opposite type of unilateral auricular pressure elevation may also occur but 
only during the phase of early recovery from quinidine. Cal 10 (fig. 2) is a repre- 
sentative e.xperiment of this type, showing an elevation of left auricular pressure 
and a decline in right auricular pressure in the recover}'- period after a near lethal 
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dose of quinidine. As recovery continued boUi auricular ])ressurcs gradually 
dropped to control levels. 

The unilateral right auricular jiressure rise during quinidine administration was 
attended by a more marked dilation of the right ventricle indicating predominantly 
rightsided weakness. Similarly in the unilateral left auricular pressure rise occur- 
ring during earl}'^ recovery from quinidine the left ventricle was observed to be rela- 
tively more dilated than the right, proof that the right heart was recovering before 
the left. 

EJfccl of Auricular Fibrillalion on Auricular Pressures. Auricular fibrillation is 
also known to weaken ventricular contraction (5). The bilateral and unilateral 
right auricular pressure responses obtained during quinidine-induced myocardial 



Fig, 3. Unilatkkai, AKD BILATERAL ACRicfLAK PRESSURE RISE of mvocaniial Weakness. Read- 
ing from lop to bottom; blood pressure (B.P.) in mm. Hg; lime in seconds; right auricular pressure 
(R.A.) and left auricular pressure in mm. of water. The irregularity in the arterial pressure 

tracing indicates the period of electrically induced auricular fibrillation. A: Unilateral elevation of 
right auricular pressure with a drop in left auricular pressure in a hypervolemic cat immediately 
after blood volume increased by infusion. B: Bilateral elevation of auricular pressures in the same 
cat 10 min. later. Note that resting auricular pressures are significantly lower in B as compared 
to A. 


weakness were duplicated with auricular fibrillation (fig. 3). Thus two methods of 
inducing cardiac weakness produced qualitatively similar results. Auricular pres- 
sures for the bilateral rise with auricular fibrillation are given in table i B, while 
pressures during the unilateral rise in the same three animals are tabulated in table 
2 B. It is to be noted that in the unilateral response elicited with both quinidine 
and auricular fibrillation, the resting auricular pressures were at a higher level than 
those of the bilateral response. 

E_ffecl of Epinephrine and Piluilrin on Auricular Pressure. It has been noted 
above that recovery of the heart weakened by quinidine may be attended by a rising 
left auricular pressure. In an attempt to elucidate this mechanism epinephrine, 
because of its positive inotropic action, was administered to the weakened heart 
and its effect on left auricular pressure noted. 

Epinephrine in an intravenous dose of 20 to 40 gamma, administered to both nor- 
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mal and hypervolemic cats, caused a moderate and transient elevation'^of left” auricu- 
lar pressure, 30 to 71 mm. of water, lasting i to 9 minutes. There was no significant 
change in right auricular pressure. This was in sharp contrast to the marked, pro- 
longed elevation of left auricular pressure produced by the same amounts of epineph- 
rine in the hypervolemic cat whose heart had been weakened by quinidine. This 
effect is illustrated in figure 4 in which left auricular pressure rose 177 mm . and 
165 mm. of water in cats i and 10 respectively. Return to control levels took 28 and 
47 minutes. The rise of right auricular pressure in cat i was only 30 mm.': water. 
In cal 10 right auricular pressure dropped 44 mm. as left rose to 165. ^ 

In order to determine whether or not this left auricular pressure rise occurring in 
the weakened heart was a result of peripheral vasoconstriction or the direct stimu- 
lant action of epinephrine on the heart, posterior pituitary extract was used.|gWith 
the use of posterior pituitary principles rises in left auricular pressure can only he 
attributed to peripheral vasoconstriction since cardiac performance is not enhanced 


Fig. 4. ErrEcx or epineph- 
rine AND PimiTRIN on left 
auricular pressure of the weakened 
heart. A: At zero time 20 and 
40 gamma of epinephrune intra- 
venously to cals I and 10, re- 
spectively. B: At zero time 2 
rcT of pituitrin intravenously to 
cats 10 and 12 respectively. Note 
elevation of left auricular pressure 
is neither of comparable degree 
nor duration to that produced by 
epinephrine. 



but on the contrary further depressed because of coronary vasoconstriction (7). 
Contrasted to epinephrine, pituitrin administered to the weakened heart had far 
less effect on left auricular pressure. In figure 4 5 it is to be noted that two nj 
of posterior pituitary extract produced only moderate and transient increases in 
left auricular pressure: 38 mm. in cat 10 and 128 mm. in cat 12. Return to control 
levels occurred in 4 and 10 minutes. Right auricular pressure dropped very slightly 
in cat TO, i.e. 8 mm., and was unchanged in cat 12. Thus it is clear that the magni- 
tude and duration of left auricular pressure rise is much greater with 20 to 40 gamma 
of epinephrine than it is with two lu of pituitrin. 

The positive inotropic action of epinephrine on left auricular pressure could only 
be ascertained by demonstrating that the degree of vasoconstriction produced with 
epinephrine and pituitrin in the amounts used was equal. Utilizing changes in 
mean arterial blood pressure as an index of the degree of vasoconstriction, it was 
observed that pituitrin produced at least an equal if not greater peripheral vaso- 
constriction than epinephrine. Thus 20 gamma of epinephrine in cat i produced 
no elevation of arterial pressure as left auricular pressure rose 177 mm. of water. 
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In cal 10, 40 gamma of epinephrine elevated mean arterial blood pressure from 28 
to 40 mm. Hg. However, arterial pressure had returned to control levels when the 
peak left auricular pressure rise occurred 7 minutes later, Pituitrin in a dose of 2 
m in the same cat caused a lo-mm. rise of blood pressure (40-50 mm, Hg ) which 
persisted throughout the left auricular pressure rise and even after it had returned 
to control levels. In cal 12, 2 in pituitrin elevated blood pressure 55 mm. Hg 
(25-80 mm.) at the time of peak left auricular pressure rise. Blood pressure con- 
tinued to rise (90 mm.) five minutes after pituitrin was given and while left auricular 
pressure was dropping. When left auricular pressure had returned to control levels, 
the arterial pressure was still 50 mm. Hg above its pre-pituitrin value. These 
results indicate that although the peripheral vasoconstriction produced by epineph- 
rine contributes in part to the unilateral left auricular pressure rise, its direct 
stimulant action on the weakened heart is the primary factor, 

DISCUSSION 

The inequality of myocardial weakness and recovery of the right and left hearts 
that appears manifest in the unilateral elevations of right and left auricular pres- 
sure lends itself to interpretation in terms of the volume-tension curv-^e of cardiac 
muscle as promulgated by Frank (21), Kozowa (22), Starling (23), and others, 
(24, 25). In the previous paper it has been pointed out the heart may be considered 
to be a hollow elastic sphere. Increased venous return causes a distension of the 
cardiac chambers because of the higher distending pressure. At this increased 
heart muscle fiber length the mechanical advantage is decreased (27, 28). As a 
result of this the high venous distending pressure is not only maintained at a high 
level but may be actually increased because of the inability of the heart chamber to 
empty itself completely. Thus the heart is workmg at a high level of the volume- 
tension curve the events of which are summarized as follows: Changes in initial 
length change the mechanical advantage at which the heart-muscle fiber performs 
(28). The corollary of such an interpretation is that a high venous pressure is not 
the cause of distention of the heart chambers but rather that a high venous pressure 
results from such distention, i.e. an inability of the heart to empty completely. 
When a heart works on a higher level of this curve four events have occurred: i) 
cardiac radius is increased; 2) there is decreased shortening of the myocardium dur- 
ing systole; 3) there is increased residual blood in the heart; and 4) auricular pressure 
is elevated. 

In the experimental animal the heart can be made to ascend the curve by increas- 
ing venous return so that cardiac radius is increased. This can be accomplished by 
infusion or by decreasing cardiac output with quinidine or auricular fibrillation, 
which in effect increases venous return. Thus, during the bilateral elevation of 
auricular pressure with quinidine or auricular fibrillation the reduction in cardiac 
output on both sides of the heart amounts to an increased venous return. This 
causes both sides of the heart to work on a higher level of the curve and hence the 
elevated auricular pressures. The reverse situation prevails during the bilateral 
decline of auricular pressure accompanying recovery of the heart from quinidine. 

Under certain conditions, particularly when the blood volume is very large and 
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the heart' very weak, it has been shown that unilateral elevations of auricular pres- 
sure may occur. Assuming that the curtailment of cardiac output is equal on both 
sides of the heart, unilateral elevations of right auricular pressure with quinidine and 
fibrillation appear to indicate that the diastolic size of the right heart becomes dis- 
proportionately greater than the left. This was observed visually in our experi- 
ments; i.e., whenever right auricular pressure was greater than the left, the right 
ventricle was markedly dilated compared to the left. During such a state of affairs 
the right heart is working on a higher level of the volume elasticity curve and the 
left heart on a lower level. Under these conditions the right ventricle has a smaller 
coefficient of elasticity than the left ventricle but may maintain an output equal to 
the left ventricle because it is at a more advantageous volume/surface area position. 

This interpretation is substantiated by the fact that the heart was always on a 
higher level of the volume elasticity curve prior to the unilateral auricular pressure 
response of myocardial weakness, contrasted to the bilateral auricular pressure 
response in the same animal (see mean control, auricular pressure, tables i and 2). 

The unilateral elevation of left auricular pressure during the recovery from quini- 
dine implies that the right heart is recovering more rapidly than the left, e.g. that 
the right heart is descending the volume-elasticity curve more rapidly than the left 
or that its cardiac radius is more rapidly approaching normal limits than that of 
the left heart. That the right heart may recover before the left has been suggested 
by Richards et al. (26). They observed that the right auricular pressure dropped 
as the vital capacity continued to decrease in a patient with heart failure following 
an infusion. 

Patterson and Starling suggested that imder certain conditions one side of the 
heart could fail before the other (27). They interpreted differences in the degree 
of rise of right and left auricular pressure in the heart-lung preparation as indicating 
such a situation. In this investigation it has been shown that auricular pressures 
can change in opposite directions. This would appear to furnish evidence that the 
dynamics of the right and left heart do dissociate. Finally, none of our observa- 
tions support the contention of Henderson and Prince that the rise of right auricular 
pressure attending pulmonary engorgement is caused by a decreased capacity of the 
right ventricle as a result of displacement of the intraventricular septum during 
diastole (29). In our series of experiments dilation of the right auricle and ventricle 
always accompanied a unilateral rise of right auricular pressure. 

SUMMARY 

Acute heart failure was produced in open-chest cats by massive infusion with 
saline followed by sub-lethal doses of quinidine. This was usually attended by 
elevation of both right and left auricular pressures. In the same cat, further in- 
fusion and a second dose of quinidine was attended by a rise of right auricular pres- 
sure and a drop in the left auricular pressure. These results were duplicated with 
auricular fibrillation following massive infusion, thus showing that it is not a specific 
drug effect but that it is weakness of the myocardium that produces the changes in 
auricular pressure. As the animal recovered from the quinidine usually both right 
and left auricular pressure slowly declined to normal values. In the cats whose 
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blood volume had been greatly increased the left auricular pressure rose and the right 
auricular pressure fell in the quinidine recovery phase. 

Epinephrine was used to accentuate the recovery phase in the unilateral left 
auricular pressure rise attending recovery from quinidine. Proof was advanced 
that it was largely the positive inotropic action of epinephrine on the heart rather 
than the system vasoconstriction which caused the left auricular pressure rise. 
This was accomplished by giving an equivalent dose of pituitrin which has purely 
vasoconstrictive properties. 

The results permit the conclusion that in the presence of marked hypervolemia 
the onset of severe myocardial weakness and the recovery from that weakness may 
produce dissociation of the dynamics of the right and left ventricle. This phenome- 
non is simply explained by the observation that in this dissociation one ventricle is 
markedly dilated as compared to the other. Hence the deduction that under appro- 
priate conditions one ventricle may function at a different level of Starling’s Curve 
than the other. 
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HEAT LABILITY OF A DEPRESSOR SUBSTANCE PRESENT IN 
HUMAN URINE; EFFECTS OF SECTION OF VAGUS NERVES, 
LIGATION OF CAROTID ARTERY AND OF AUTONOMIC 
BLOCKADE UPON DEPRESSOR RESPONSE^ 

J. MAXWELL LITTLE, HAROLD D. GREEN and JAMES I. BUMGARNER 

From the Department of Physiology and Pharmacology, The Bownan Gray School of Medicine 

of Wake Forest College 

■\\TNSTON-SALEM, NORTH CAROLINA 

I T HAS been reported previously that a decrease in the mean arterial pressure, 
a decrease in the peripheral resistance and an increase in the cardiac output 
follow the intravenous injection of urine into dogs (i). A method of assay for 
the depressor effect of urine is presented here, together with our analysis of the effects 
of heating the urine, the effects of vagus nerve section and of autonomic blockade 
upon the depressor response. 


METHODS 

Mongrel dogs weighing 5 to 10.5 kg. were anesthetized with either pentobarbital 
sodium, 30 mg/kg., or amytal sodium, 50 mg/kg. One femoral artery was cannu- 
lated for recording mean arterial pressure using a mercury manometer, and one 
femoral vein was cannulated for making the injections. Unless otherwise indicated, 
all tests were performed on such animals. In a few dogs, the vagi were sectioned 
and in others the carotid arteries were compressed. 

The various solutions were injected by syringe at a constant rate. Each injec- 
tion, timed by an audible one per-second signal, took 20 seconds for comNetion. 
The injections were made at intervals of not less than 10 minutes, and before a 
subsequent injection was made the mean arterial pressure (MAP) had returned to 
the control value and had remained there for several minutes. 

All urine samples were collected from healthy young men. The samples were 
filtered through filter paper if necessary. Immediately after collection they were 
placed in cellophane bags and dialyzed against running tap water for 24 hours. 
The bags were then transferred to distilled water which was usually changed four to 
six times during another 24-hour period. The dialysis was carried out in a refrigera- 
tor at an average temperature of 9° C. and all samples were frozen and stored in the 
low-temperature refrigerator until used. 

Just prior to using, some of the dialyzed urine samples were heated in a constant 
temperature water bath at 40°, 60° and 80° C. for 120 minutes; some samples were 
heated in a boiling water bath for various time periods. All urine samples were 
adjusted to the original volume after heating by the addition of distilled water. 
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Some dialyzed urine samples were concentrated by vacuum distillation at a tem- 
perature of 38° to 41° C. The distillate was saved for injection, and the residue 
was injected as such, or it was diluted to the original volume by the addition of 
distilled water. Histamine hydrochloride, 5 ng/cc., was injected in doses. of 2, to 6 
cc. in order to compare the depressor effect of urine with that of histamine. 

RESULTS 

Typical Response. Tj^jical mean arterial pressure (MAP) responses to urine 
and histamine are reproduced in figure i. Thej’- are from the same animal and were 
chosen to illustrate responses which we considered to be equivalent. In this in- 
stance 5 cc. of urine was equivalent to 10 fig. of histamine. 




Fig. I. Comparison of decline in mean arterial pressure in response to 5 cc. dialyzed urine (5) 
and to 10 ng. histamine (6) injected intravenously into an 8-kg.dog anesthetized with sodium amytal 
(fixp. N-31). 


Method for Expression of Response. Possible methods for expressing responses of 
this type include a) maximum change in mean arterial pressure (— AMAP), b) 
duration of response (sec.), c) response at some fixed inter\'al after the injection and 
d) the integrated response (MAP -seconds), i.e., the area bounded by the base fine 
and the MAP curve which results from the injection. For these studies we have 
used the maximum change in MAP. This may be expressed as absolute (mm) 
decline in mean arterial pressure (—AMAP) or as percentage decline (%— AMAP 
control MAP — experimental MAP . , v , 

“ control ^ ^ ^ ^ 

analysed the response in 83 sets of injections using both methods of e.xpression. 
Each set represented 2 or more injections of the same amount of substance (urine 
or histamine) into the same dog. 
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Reproducibility of Response. The maximum variability of response within each 
set of injections of urine and histamine in both intact and vagotomized dogs with 
respect to the mean response will be found in figure 2. It will be seen that the 
maximum variability increases with increasing mean response. However, most 
of the values for maximum variability lie below the line representing ±60 per cent 
of the mean response. Greater responses and greater variability were found in the 
vagotomized animals. However, with the exception of histamine in the vagoto- 



mean -a map for each set of injections in mmh<^ 


Fig. 2. Relation between maximum variability within each set of injections and mean response 
within each set of injections. Each point represents the greatest single deviation from the mean 
response within each set. 

mized animals, there was no difference in the percentage maximum variability of the 
substances injected in the two animal preparations. 

An analysis of the reproducibility of the decrease in mean arterial pressure 
(— AMAP; %— AMAP) with repeated injections of the same dose of the same 
sample in the same dog is illustrated by the data in table i. In almost 100 per 
cent of the sets of data in the intact dog the maximum deviation of any one response 
within a set did not differ from the mean —AMAP of the set by more than ±12 
mm (table i, J), and 68 to 72 per cent were within ±4 mm (table i, columns A 
and C). In the dogs with vagi sectioned {columns B and D) the variability was 
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greater. WTien the maximum variability of an individual determination in the 
intact dog was expressed as percentage of the mean response of the set approxi- 
mately 60 per cent of the sets showed a maximum variation of less than ±20 per 


TABiiU I. Vajuabilitv or data 
Percentage oj total sets in each group 
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E 

p 

G 

n 


K 

L 

u 

data about mean for set 
±0 to ±20% 

57.1% 

60.7% 

45 - 5 % 

54 . 6 % 

6s. 6% 

56.3% 

25.0% 

16.7% 

i20.i to ±40% 

28.6% 

21 . 4 % 

36 . 1 % 

j8 .2% 

i 8 . 87 o 

28.1% 

33.3% 

58.3% 

n ±40.1 to ±60% 

3.6% 

3.6% 

9 - 1 % 

18.2% 

IS.6% 

«.s% 

25.0% 

25-0% 

±60.1 to i8o% 

10.7% 

30 . 7 %S 9.1% 

0 % 

0 7o 

3.1% 

S. 3 % 

0 % 

rirSo.x to iioo% 

0 % 

3.6% 

0 % 

9 - 1 % 

0 % 

0 % 

8.3% 

0 % 


100.0% 

1 

too,o%\ 99,8% 

lOO.I^^ 

100.0% 

100.0% 

99.9% 


Number of sets in group 

28 

1 

28 

1 ” 

II 

32 

32 

12 

m 


—A MAP = dedioc in mean arterial pressure expressed as mm. Hg. 

-A MAP.. 

— — -r X 103 = decline in mean arterial pressure expressed as % of control mean arterial pressure. 


A-D = percentage of total sets in Trhich the maximum deviation of an individual determination differed from the 
mean of the set by the number of mm. Hg indicated in the left-hand column. 

£- 3 / « percentage of total sets in which maximum deviation of an individual determination differed from the mean 
of the set by the percentile amount indicated in the left-hand column. 


cent of the mean — AMAP (table i, II) and, particularly with urine, 100 per cent 
of the sets showed a maximum variation less than ±60 per cent of the mean — AMAP 
for the set (table i, columns E and J and fig. 2). Expressed in t.hi<; -vvay the varia- 
bility was still slightly greater in the vagotomized than in the normal dogs (table 
I, columns F and K). Since one standard deviation includes 68 per cent of the 
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observations we might, thus, without actual computation, consider the standard 
deviation to be between ±20 and ±30 per cent of the mean AMAP. 5 • 

The mean arterial pressure varied from time to time in the experiments.. Since 
the response to a given injection might be expected to be different at high as com- 
pared with low control mean arterial pressure we also calculated the percentage 
change in mean arterial pressure (%— AMAP) for each injection. As sho-wn in 
columns F, H, K and M in table i, the variability was no less with this mode of : ex- 
pression than when the response was expressed simply as maximum decrease in 
MAP recorded in mm. Hg. Since no decrease in variability of response was ob- 
tained by vagus section or by expressing the results as %— AMAP, the results in 
the remainder of the paper are expressed as — AMAP (in mm. Hg) obtained on in- 
tact anesthetized dogs. , . = ' 


45 

40 

-9-35 
X 

5 30 

s 

125 
< 

5 20 
< 

15 

10 
5 
0 

Fig. 3. Comparison of the log-dose and the average response -with histamine and dialyzed urine 
in the same dog. _ A: histarnine, i cc. = 5 pg., 3 injections each dose; F: unheated urine, 2 injections 
each dose; H: urine heated in a boiling water bath for 30 min., 2 injections each dose; R: urine re- 
fluxed^ for I hr., X injection. Bar: maximum range. The same original urine sample was used. in all 
injections. —AMAP = decrease in mean arterial pressure m mm. Hg following injection. Anes- 
thesia: amytal sodium {Exp. N~i2). 

From the above data it would appear tliat a response to a smgle injection would 
have to differ from the mean of a set of 2 or more injections by more than ±60 
per cent (2 standard deviations) to be significant and the mean —AMAP of a sCt.of 3 
injections would have to differ fr om the m ean of another set of 3 injections' by 
d=So per cent to be significant (•\/i/3 + 1/3 X 60% = 50%). 

Dose-response RelalionsJdp. In 1 5 series of injections of histamine and urine into 
12 dogs we explored the dose-response relationship. The response was expressed 
as — AMAP in mm. Hg. The data were plotted on regular, on double log anff single 
log paper. In no instance were consistently straight lines obtained. ,Tlie most 
commonly obtained dose-response relationship was comparable to that in fi^re 3. 
According to these curves a 50 per cent increase in response would require doubling 
the dose and a -50 per cent decrease in response would be expected by halving the 
dose. On the basis of this data plus that in section 3 {above) it would app'ear that 
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the accuracy of this method of assay (±2 X standard deviation) would be +100 
to —50 per cent of the apparent concentration (or dose). 

As shown in figure 3 there was usually a clear-cut shift in the locus of the plots 
upon heat treatment et cetera. Because of the variability of the plots we elected, 
insofar as possible, in making comparative assays to adjust the doses of the sub- 
stances so that the same response was obtained v/ith each. Comparison was then 
made on the basis of the required doses (fig. 4). 

Effect of Section of Vagus Nerves and of Autonomic Blockade upon Depressor Re- 
sponse to Urine. The effects of bilateral vagal section, bilateral carotid artery liga- 
tion, the intravenous injection of 200 mg. of tetraethyl ammonium chloride (TEAC)^ 
and -the intravenous injection of 10 mg. of Priscol (benzazoline hydrochloride, 2 
benzylimidazoline hydrochloride)® upon the depressor effect of urine v/ill be found in 



Fig. 4. Volume of dialyzed 
urine heated in a boiling water 
bath necessary to produce a de- 
crease of approximately 13 mm. 
Hg in the mean arterial pressure 
of anesthetized dog. Anesthesia: 
amytal sodium. The same origi- 
nal urine sample was used through- 
out. Actual — AMAP: (r) 13, 

(2) 16, 0) 14, ( 4 ) 13, ( 5 ) ip) 

13 mm. Hg. 


table 2. It v/ill be seen, in the last column, that vagal section increased the average 
urine depressor effect approximately 80 per cent, while subsequent bilateral carotid 
artery ligation vuth hypertension returned the urine depressor effect to approxi- 
mately the control value. The injection of TEAC diminished the hypertension 
produced by carotid artery ligation and increased the depressor effect of the urine. 
The injection of Priscol increased the average mean arterial pressure, but, in con- 
trast to carotid artery ligation, it caused a marked increase in the depressor effect 
of urine. 

Effects of Heating the U rine upon (he Depressor Respoyise. a) Effect of duration of 
period of heating. The effects of heating the urine samples on the depressor response 
are presented in figures 3 and 4 and in table 3. Figure 3 shows the effects on the 


* Supplied by Parke, Davis and Co., Detroit, Mich. 

» Supplied by Ciba Pharmaceutical Products, Inc., Summit, N. J. 
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depressor response produced by heating dialyzed urine in a boiling water bath for 
periods of 15,' 30, 45, 60 and go minutes. The volume of urine necessary to give a 
— AMAP of approximately 13 nun. Hg was determined for the control and for each 
of the heated urines. This volume was plotted against the time the urine was 
heated. It will be seen that a straight line function results. 

Table 2. Effect of vagal section, carotid artery ligation, injection of 200 mg. of tetra- 

ETHYLAMMONIUM CHLORmE (tEAC), AND INJECTION OF lO MG. OF PRISCOL ON THE HYPOTENSIVE 
RESPONSE TO THE INJECTION OF POOLED FRESHLY-VOIDED (nON-DIALYZEd) URINE 
Exp. N-i. Pentobarbital Sodium Anesthesia 


i 

SUCCESSIVE PROCEDURES 

! 

NO. OF 
INJEC- 
TIONS I 

VOE. URINE 
INJECTED 
RANGE IN 
CC. 

PRE-lNJECnON MAP 

— Amap* 

RANGE 

— AMAP/CC. UBINE 

Range 

Average 

Range 

Average 




.mm. Eg 

mm. Eg 

mm. Eg 

mm. Eg 

mm. Eg 

Control 


4-6 

154-168 

161 

10-18 

1 - 7 - 4. 5 

2.8 

Both vagi sectioned 


6 

i 159-172 

164 

27-32 

4 . 5 -S -3 

5-0 

Both carotids ligated 

8 

6-8 

188-208 

199 

10-32 

I. 3-4.0 

2.5 

TEAC 


4-6 

100-179 

130 

17-44 

2. 8-7. 3 

1 4-6 

Priscol 


1 4-6 

173-185 

! 179 

28-64 

7.0-10.6 

8.8 


1 — Amap = decrease in mean arterial pressure. 


Table 3. Effect of heating dialyzed urine on the hypotensive response to its injection 

Exp, N-J4. Amytal Sodtum Anesthesia 


URINE NO. 

HEATING 

NO. or 
INJECTIONS 

1 

VOL. INJECTED 
RANGE 

—Amap' 

RANGE 

CC./lS MM. HG —A Map 

Temp. 

Time 

Range 

Average 


'C. 

min . 


CC , 

mmJIg 



13A 

0 

0 

9 

1-4 

7-28 

1.4-2. 5 

1.9 _ 

13B j 

40 

120 

2 

3 - 3-5 

18-20 

2.5-2. 7 

2.6 

13C ‘ 

60 

120 

4 

3 - 3-5 

16-22 

i 2 . 1-2 . 8 

2-5 

13D 

80 1 

120 

3 

3-4 

16-24 

2. 5-2. 8 

2.7 

13E 

B.W .2 

30 

8 

2-6 

8-19 

2. 1-6. 3 

3.8 

13F 

B.W, 

60 

3 

6-6.5 

10-26 

3.8-10.0 

6.6 

13G 

B.W. 

90 

3 

i 9-10 

14 

7-2-9. 4 

7-9 

13H 

B.W. 

120 

3 

12-14 

10-24 

5.9-18.0 

13-5 


1 —Amap = fall in mean arterial pressure. *B.W. = boiling water bath. 


b) Effect of boiling water bath as compared with refluxing. While the relationship 
between log-dose and the response (—AMAP) in figure i is not strictly a straight- 
line function for either histamine or the urine samples, it is clear that when urine, 
heated in a boiling water bath for 30 minutes {H) or refluxed for i hour ( 72 ), is com- 
pared with unheated urine (P) there is a decrease in the depressor response. Put 
another way, an increased dose of (H) or (P) is required to produce the same re- 
sponse as that obtained with (P). It is to be noted that the greatest destruction 
of the depressor factor was produced by the reflux condenser treatment. 

c) Effect of temperature at which urine is heated. The last column in table 3 shows 
that the depressor effect of urine is decreased from the control effect by heating for 
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120 minutes o-t 80° C. or below, but the temperature of heating wthin this range 
appears to be immaterial. However, the decrease in depressor effect of urine when 
it .is heated in a boiling water bath is dependent upon the duration of heating. 

- - d), Effect of vaeuwn distillation. Table 4 shows that when dialyzed urine is 
distilled in vacno the depressor substance remains in the residue almost entirely. This 
is illustrated by comparing 17 P (unheated) with 17 RD (residue diluted to the 
original volume with distilled water). There appears to be little or no decrease in 
the depressor effect as a result of this procedure. 


Table 4. Effect of VACUini dtstillatiok or ukfn'e on the hypotf-nsive ri;spoj;3e to its 

INJECTION 

Amytal Sodium AneUhesia. Distillation Ttmptrolurc, 3S-4S* C. 


t:xp.' it'o. 

CRI.ST. NO.* 

?;o. OP 
i urjEcnoMs 

VOt, IS'jrCTlID 
i EAnci: 

1 

— AUApS 

ra?;ct: 

cc./isiat. bc-Auap 


Rar.Ke 

1 .Average 


1 


i cc. 

mm, IT[ 


i 

N-18 

I7P 

4 

0,3-0. 5 

7-20 1 

0.38- 0,65 

i 0-57 


I7RD 

I 

0.5 

13 


0.58 


I7D 

3 ! 

5-20 

5-10 

15.0 -30.0 

1 20.6 

N-24 

I7P 

4 

I-I.5 

9-18 

1-3 - 2-5 

1. 8 


I7D 

2 

30 

ii-iS 

30.0 -37. 5 

33.7 


I7R2 

5 

0.2-1 j 

10-38 

0.22- 0.40 i 

0.31 


I7RD 

2 

l-S 1 

14-20 

i.i - 1.6 

1.4 

N-25 

21P 

i ^ : 

2 

11-21 

1.4 - 2.7 



2iRD‘ 

2 i 

2-3 1 

10-13 

3-0 - 3-5 i 

3-3 


2iD 

s ' 

7-10 j 

iS-29 

5-0 - 8.8 1 

6.0 


ip = unheated dialyzed; D = distillate; R = residue from distillate; RD = residue diluted to 
original volume with distilled water. * — Amap = fall in mean arterial pressure. * Concen- 
trated 3.45 times. * Distilled to dryness, dissolved in 25 cc. distilled water; concentrated 20 times. 


DISCUSSION 

A depressor substance, callicrein or padutin, present in urine, pancreatic juice 
and intestinal secretions has been described by Frey and co-workers. This material 
is heat labile. Werle (3) has reported that callicrein obtained by pancreatic fistula 
in the dog is reduced in activity 85 to 95 per cent when the preparation is heated for 
3 minutes over an open flame, ^^'esterfeld et al. (4) reported that heating a calli- 
crein preparation in a boiling water bath for 20 to 30 minutes markedly diminished 
but never completely abolished the hypotensive effect. Wollheim (5) reported that 
callicrein was destroyed in 10 minutes when heated at 100° C. in neutral, acid or 
alkaline media. 

In table 3 it will be seen that heating dialyzed urine for 120 minutes at 40, 60 
and 80 C. diminished the depressor effect of the urine approximately 30 per cent, 
and that the decrease in depressor effect was not related to the temperature at which 
the urine was heated. This change is within the apparent limits of error of the 
method. In contrast, heating the urine for 30 minutes in a boiling water bath 
decreased the depressor effect approximately 55 per cent. The decrease in depressor 
effect increased as the duration of heating at this temperature was prolonged, i.c. 
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to 13 per cent of the control after 2 hours. T his change is significant. We inter- 
pret these data as evidence for two depressor substances present in urine. One of 
these is quite heat labile, being destroyed at temperatures below 100° C. and is 
probably callicrein, while the other substance, although still heat labile at 100° C., 
is much more resistant to heating than is callicrein. This interpretation is strength- 
ened by the data in figure 2 where refluxing the urine sample for one hour did not 
completely destroy the d^epressor activity, although it was less than the control 
actmty or the activity of urine heated in boiling water for 30 minutes. 

Wollheim (5) has previously reported an urinar}>- depressor substance, which he 
called depressan. He found that this substance was active after heating at 100° C. 
for 10 minutes in a neutral solution, was active after 5 minutes heating in acid solu- 
tion, but was destroyed after 30 seconds heating in alkaline solution. It is quite 
probable that the depressor substance reported here is very similar to if not identical 
with tlie depressor substance of Wollheim. 

From the data given in table 2, it would appear that the site of action of the 
depressor substance reported here is primarily on the peripheral vessels. When a 
vasoconstriction was elicited by bilateral carotid artery ligation tlie depressor effect 
was diminished by 50 per cent from the previous value obtained after bilateral 
vagal section. However, when TEAC, wliicli has been shown by Acheson and 
Pereira (6) to block autonomic ganglia, was injected the depressor effect of the urine 
returned to approximately the value found before carotid artery ligation. When 
Priscol, which is reported by Chess and Yohkman (7) to be sympatholytic and 
adrenolytic in reference to the S5rmpathetic neural control of blood pressure^ was 
injected it caused a marked increase in the depressor effect of the urine. This 
may be due to the more complete abolition of tonic vasoconstriction following Pris- 
col, or to a reversal of effect of another substance with constrictor properties, 
i.e., an epinephrine-like substance. 

The possible relationship between this depressor substance and the problem of 
h3q)ertension is obvious. Hypertension may be the result not only of an excess 
quantity of angiotonin or hyper tensin (as has been stressed by much recent work), 
but a decrease in the amount of the urinary depressor substance may also contribute 
to the elevation of arterial blood pressure. In essential hypertension it is possible 
that there is a decrease in the depressor substance, which might lead to an imbalance 
in the regulation of peripheral resistance. Wollheim (5) has reported that his de- 
pressan is either entirely missing or at least markedly decreased in the urine of pa- 
tients with essential hypertension. On the other hand, patients who had a primary 
renal lesion and ako had h3q)ertension' did not show any significant alteration in the 
amount of depressan excreted in the urine. The site of formation of the urinary 
depressor substance reported here is not known nor k it known whether or not the 
substance is present in blood. 


SUMMARY 

The depressor effect of urine was studied by recording the decrease in mean ar- 
terial pressure (— AMAP) produced by intravenous injection of the urine into anes- 
thetized dogs. Analysis of results suggests that the mean of the response to a set 
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of three injections must differ by ±50 per cent from that of another set to be sig- 
nificant, and that the apparent concentration of a dilator substance estimated by 
this method may differ from the true concentration by —50 per cent to -fioo per 
cent. 

Evidence is presented that, in addition to callicrcin, there is present in normal 
dialyzed human urine a substance which causes a decrease in the mean arterial 
pressure of dogs anesthetized with amytal sodium when the urine sample is injected 
intravenously. This depressor substance is somewhat heat labile at 100° C., but 
it is not completely destroyed by refluxing the urine sample for one hour. The 
urine sample may be concentrated by vacuum distillation at 38° to 40° C., and the 
depressor substance is recovered almost quantitatively in the residue from the dis- 
tillation. 

The apparent activity of the depressor substance is increased by bilateral vagal 
section; it is decreased by subsequent bilateral carotid artery ligation. Intrave- 
nous injection of 200 mg. of tetraethyl ammonium chloride (Etamon) and injec- 
tion of 10 mg. of benzazoline gydrochloride, 2 benzylimidazoline hydrochloride 
(Priscol) increase the depressor response to the urine. The possible relationship 
of this substance to hypertension is discussed. 

The authors are indebted to Miss Emily Angell and Mr. R. H. Holzworth for valuable assistance 
in these experiments. 
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EFFECTS OF COLD ON INFANT RATS: BODY TEINIPERA- 
TURES, OXYGEN CONSUMPTION, ELECTRO- 
CARDIOGRAMS' 

JANET FAIRFIELD 

From the Dcparivicut of Physiology, University of Rochester, School of Medicine and Dentistry 

ROCHESTER, NEW YORK 

T hermoregulation in mature animals has been studied especially by 
physiologists who realized the important contribution of this regulation to 
the constant internal environment. The stable body temperature puts 
mammals in a different class from cold-blooded animals, as far as survival is con- 
cerned, for they are often able to carry on the necessary functions of finding food and 
protecting themselves against enemies, almost regardless of the environmental tem- 
perature. 

The responses of adult animals to cold environments have been well established 
by Barbour (i), Giaja (2) and others. The development of these responses in im- 
mature animals, however, has not been as thoroughly studied. Hill (3) presented 
measurements of body temperatures, during cooling of rats at different ages, and 
found that the greatest gain in the resistance to lowering of the body temperature oc- 
curred between 18 and 30 days of age. Antoschkina (4) measured oxygen consump- 
tions during experimental cooling of young rats. Her conclusions were that rats are 
poikilothermic at birth, not showing evidence of chemical regulation until one to two 
weeks of age, or physical regulation until three to four weeks of age. 

The changes in the body temperature, the heat production and the electrocardio- 
gram, during and after single exposures at different stages of development, have as 
yet not been thoroughly studied and are the subj ect of this paper. Thermoregulation 
is concerned with the gain of heat from the environment, with internal heat produc- 
tion, and with heat loss. In cold environments, heat gain from environment, of 
course, is not a factor. In this investigation, cooling was observed by body tempera- 
ture determinations and heat production by oxygen consumption measurements. 
Since the circulatory system is the recognized distributor of body heat, electrocardio- 
graphic data were taken to study the condition of the heart in the maintenance of the 
circulation. Observation of the skin color was the only practical indicator of periph- 
eral circulation. 


PROCEDURE 

Forty-one white rats horn 8 litters of the Wistar strain, of o to 17 days of age, were used. Each 
rat w’as exposed, in a sealed modified Fenn respirometer, to a control water bath of 35°C., so its 

Received for publication October ii, 1948. 

* The author wishes to express appreciation to Dr. Edward F. Adolph for help and criticism 
throughout this work and to the Aeromedical Laboratory, U. S. Air Forces, for financial support of 
the project. 
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normal body temperature, electrocardiogram, metabolism and general neuromuscular behavior 
could be observed. Then tlie respirometer was removed to the experimental cold water bath of 
20°, 10°, 5° or 2° for two liours, usually, in which period the animal’s reactions to the exposure were 
studied; finally the respirometer containing the animal was transferred back to the control 35° bath 
for rewarming and kept there until tlie animal was at its pre-exposure temperature. The 35° point 
was chosen for the control bath because this, coupled with the animal’s metabolism, brought the body 
temperature up to about 37°. 

The respirometer was a differential volumeter which permitted an accurate reading of the 
animal’s oxygen consumption at all times except during the severest changes in the temperature of 
the chamber. The rat lay in die glass vessel of 157 ml. volume on a metal screen above soda lime in 
an atmosphere of oxygen. Records of the oxygen consumption were kept continuously, except for 
the first few minutes of each immersion and the data presented in this paper arc all corrected by a 
small respirometer factor and to o®C. and 760 mm. pressure. 

The intraperitoneal temperature was recorded every six minutes bj' a Brown recording potenti- 
ometer, fine-gauge tliermocouples being threaded through the abdominal wall from one side to the 
other. This was found experimentally to be a more accurate measure of tlie core temperature of the 
body than was the rectal temperature, since it changed more slowly than the rectal temperature 
during cooling and warming. Some experiments included records of rectal and surface temperatures, 
as well as intraperitoneal and air temperatures inside the respirometer. 

Electrocardiograms were taken at intervals by means of subdermal steel electrodes leading to a 
Sanborn electrocardiograph. Lead II was their approximate position. 

RESULTS 

Inlraperitoneal Temper aliire. The intraperitoneal temperature from birth up 
to 17.5 days of age depends almost entirely on the environmental temperature. 
When the animal is in the 35° control bath, the newborn’s intraperitoneal tempera- 
ture is not above that of the bath. Hov.'ever, at 3 or 4 days of age, it is about 1° over 
the bath temperature and this gradient increases slowly with age, the oldest animal 
showing a body temperature 3° over that of the bath after about 40 minutes. 

This gradient effect may be due to several factors. The larger rat has propor- 
tionally less surface area over which to lose heat and more tissue to produce heat. 
Moreover, the 1 7-day rat has a coat of baby fur, as well as an appreciably thicker 
skin and body, to increase the insulation against heat loss. 

During cooling, however, the intraperitoneal temperature is almost completely 
dependent on the environmental temperature. When the respirometer contaim'ng 
the anunal is exposed to the cold bath, the body temperatures begin dropping imme- 
diately ; the colder the bath, the more precipitous the fall. The rate of fall slows and 
almost plateaus as it approaches the air temperature of the respirometer. In gen- 
eral, with experimental temperatures down to 5°C., the difference which the animal 
can maintain betw'een its temperature at the plateau and the e.xtemal temperature is 
nearly as great as that \vhich it could maintain at the control environmental level of 
35°. These results agree in general with Gulick’s (5) work on young rats. Figure i 
shows the body temperature of an 8.5-day rat before, during and after a 20° exposure. 

A series of similar cooling experiments was done on 5 formalin-injected animals 
to compare the rate of temperature change of these non-metabolizing animals with 
the live ones. The gradients betw^een the internal and the environmental tempera- 
tures for the dead rats during cooling are almost identical for all ages and weights, 
less than i.5°C. They exhibit typical Newtonian cooling curves, w'hich the living 
rats do not do. The live animals, on the other hand, show a progressive increase in 
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their ability to maintain a wider gradient for a longer time as they grow older. Since, 
as wiU be shown later, the metabolism falls during the cooling, the ability to main- 
tain this gradient may be due, to a considerable degree, to an increasing ability to 
regulate peripheral blood flow. 

However, there is no evidence of this ability to keep the body warmer than the 
environment during an exposure of 2°C., in my apparatus, even in a rat of 11.5 days 
and 21 gm.-, the gradients of the live and dead animals show the same curves with 
time. It appears therefore that, if the exposure is severe, the animal shows no ability 



O * S 6 10 

TIME I H l< O U n 3 


Fig. I. A TvriCAL COOLING EXPERIMENT, done on an 8.5-day-old, 14.4-gin. rat at 2o°C. The 
responses of the bodj"^ temperature, heart rate and oxygen consumption are shown during the 35° 
control period, the 20® exposure and the final 35° recovery period. 

to preserve its body temperature. This is probably due to the paralyzing action of 
cold on the nervous system, preventing the protective reflexes. 

There is no correlation between the rate of fall of body temperature and death, 
nor between the depth of body temperature and death, except that the 4 animals 
which died, out of the 41 experimented on, died between 3.5° and 7.S°C. Most, 
however, survived temperatures as low as 2.5°. Apparently there is much variation 
in individual susceptibility to cold. 

The rise of body temperature during the rewarming in the 35° bath was faster 
than the fall had been, judged by the time required for half completion, because heat 
production is working toward a rise in temperature during the rewarming and against 
the fall during cooling. Even animals which eventually died during the rewarming. 
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and which showed even a faulty electrocardiogram, had enough heat production to 
cause their rewarming temperature curve to be faster than the cooling curve had 
been. 

Oxygen Consumption. From flgures 2 and 3, and other data, the following com- 
parisons can be made. The oxygen consumption/gm. of rat, measured after the 
animal had become equilibrated in the 35° bath for about an hour during the initial, 
control period, was quite constant with age. It ranged from 21 to 36 cu. mm/gm. 
body/min. When the animals were transferred from the 35° control bath to the 20° 
bath, those over three days of age immediately increased their O2 consumption, some- 



Fig. 2. Oxygen consuhption before, during and after 4 different exposures of 2 to 3-da3'-old, 
6 to 9-gm. rats. 

3 - Oxygen consumption before, during and after 4 different exposures of 10 ton-day- 
old, 18 to 20-gm. rats. 

times to a large degree; the older animals increased theirs by a maximum of 170 per 
cent (m a 15-day-old animal), within 15 minutes of the beginning of the exposure. 
This peak metabolism was, however, not maintained for more than one-half hour and 
then gradually fell to the control 35° level over a one to four-hour period in the 20° 

bath. This bath proved to be the most effective one of those tested in stimulating 
metabolism. 

Animals under about three days of age showed no increase in o.xygen consump- 
tion at 20 , but just a gradual fall, and even the older animals showed a fall after 

then- peak metabolisms to a minimum of 35 per cent of the control level in exposures 
over five hours long. 

On exposure to the 10° bath, only animals over eight days of age showed an in- 
crease in oxygen consumption and the highest metabolism recorded for them was 100 
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per cent over normal, in an ii-day rat. At the lower temperatures, the results were 
less consistent, but there was a definite decrease in the number of animals which mani- 
fested self-protection by increasing their metabolisms. The degree to which they 
were able to raise these metabolisms likewise fell markedly. 

In explaining the apparent decrease in stimulation of metabolism with an in- 
crease in the severity of the exposure, probably a large factor is that the colder baths 
reduce tlie body temperature too quickly for the animal to mobilize its responses. 
It was pointed out above that the colder the bath, the faster the fall in body tempera- 
ture. Cold is well-known as an anesthetic and narcotic and this depressant effect 
prevents any excitatory response from occurring. The mechanisms involved in in- 
creasing the metabolism are discussed later. 

In all of the animals experimented on below 20°, immediately after the beginning 
of the cold exposure or if there was an increase in metabolism immediately after the 
peak metabolism, there was a precipitous drop in oxygen consumption which slowed 
as it approached zero. In the 20° exposure, however, animals older than nine days 
showed the stimulated metabolism only during the first two hours of the exposure, 
but even this was beginning to fall toward the normal 35° level. Apparently, be- 
tween the 20° and 10° exposures, there is a break somewhere in the animal’s ability 
to keep its metabolism high. Possibly this break would come at the lethal point for 
adult animals, between 13° and i6°C. It seems that there is some factor in the adult 
rat which causes death in this temperature range and it seems possible that something 
similar, but non-lethal, is breaking down in the young rats also. 

It was constantly found that the metabolism fell to zero, as far as could be de- 
termined with this respiroraeter, in all animals up to 10 days of age on exposure to 
3° or lower. The older animals were apparently able to maintain tlieir metabolisms 
at about 0.5 cu, mm, Os/gm. rat/min. until the end of the exposure. These amazingly 
low or non-existing metabolic rates and tlie apparent cessation of visible respiratory 
movements by no means predicted death. This lack of breathing lasted up to 108 
minutes, followed by complete recoverj’^ of the animal. 

At the end of the exposure, between 20 and 25 minutes after the beginning of 
rewarming from 5° or lower temperatures and between 15 and 20 minutes after the 
beginning of rewarming from 20°, the oxygen consumption began to rise at about the 
same rate as it had dropped and was back at its pre-exposure level within 42 minutes 
of the beginning of rewarming, the slower ascents being in the colder rats. 

The first breathing movements, however, are evident slightly sooner. After 5° 
or colder, the first gasping movements were seen at 15 to 25 minutes in the 35° bath; 
after 10°, at 5 or 6 minutes in the 35° bath. 

Often the metabolism continued rising, to as much as 100 per Cent (an av. of 
60%) above the pre-exposure level, and slowly descended to normal within two hours 
of the beginning of rewarming. The largest increase over normal occurred in those 
animals exposed to the lowest temperatures, 5° or lower, or to the slightest exposure, 
20°. It is difficult to find an explanation for this increase since there was no obvious 
correlation of appearance of this ‘overshoot’ with age, length of exposure, depth of 
oxygen consumption fall during cooling, increased metabolism at the beginning of 
cooling or with shivering movements, although muscle tension may have been in- 
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volved. Nor did there seem to be any correlation with the length of time or degree 
that the animal was anoxic during the cooling or rewarming, so the increase does not 
seem to be an oxygen debt. 

It is difficult to state with certainty the method by which the metabolism is in- 
creased in the infant rats. As far as muscular activity is concerned, no increase in 
movements could be detected during the increased metabolism in the rev/arming 
period and, although there was usually some struggling at the beginning of cooling 
when there was an increase in metabolism, the increase and the struggling sometimes 
appeared independently. No shivering movements were observed in the infant rats, 
even in tlie older ones. Muscular rigidity and tonus, however, may be a factor in 
the augmentation of o.xygen consumption of these animals. Barbour, McKay, and 
Griffith (i). Dill and Forbes (6) and Swift (7) have all reported that muscular rigidity 
and tonus are capable, in man and rats, of producing an increased metabolic rate — up 
to 36 per cent. Swift (7) states — without actual shivering. 

As far as hormonal stimulation is concerned, it is interesting to speculate as to 
the possibilities of increased activity of the adrenal and thyroid glands. It has been 
demonstrated by Tyslowitz and Astwood (8) and Giaja and Chahovitch (9) that the 
adrenal cortical hormones are necessary for resistance against cold. The difficulty 
in applying this fact to my ex-periments lies in the questions of whether the adrenals 
are actually functioning at birth in rats and whether they or the thyroid respond to 
stimulation in the short periods involved in these e-xperiments. 

Electrocardiogram and Pulse Rale. The electrocardiograms taken during both 
control and cooling periods show that the hejirt rate is lowered almost linearly wth 
a decrease in body temperature (fig. 4). Crismon (10) and Hamilton, Dresbach and 
Hamilton (ii) likewise found a linear relationship between body temperature and 
heart rate of adult rats. The line for the newborn rats, however, is located toward 
the lower body temperatures. This is perhaps to be expected since the newborn 
animal's heartbeats stop at a lower temperature than do the adult animals'. Adult 
rats' hearts stopped beating at between 16° and i2.5°C. rectal temperature (ii), 
while the newborns' stopped between 9° and 3.5°C. Moreover, this a^stole was 
lethal for the adult animals, while it was not for the newborns. 

These results suggest that the newborn, incompletely developed rat resembles a 
cold-blooded animal in its ability to survive asystole during adverse external condi- 
tions with no apparent permanent damage. One rat which we studied lowered its 
normal heart rate of 860/niin. to 12/min. during hibernation. 

The rate of conduction of the cardiac impulse slows during cooling in proportion 
to the slowing heart rate. This is to be expected, since the cardiac cycle length is 
mversely proportional to the cardiac rate, and the P-R interval and QRS duration 
increase linearly with cycle length. Crismon (10) and Hamilton et al. (ir) found 
this to be true also of adult rats and Clark (i 2) foimd it in rabbit and frog isolated 
hearts. 

During the cooling experiment there is some increase in voltage of R-waves, as 
Crismon (10) reports for adult rats, immediately after the beginning of cooling. This 
is followed by an enormous decrease in voltage during the decrease in heart rate and 
conduction rate. 
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There is apparently no temporary increase in heart rate, as there is in oxygen 
consumption, immediately after starting the exposure to cold. This is illustrated 
by figure 4, in wliich the heart rate of a 9.5-da3^-old rat is plotted against its body 
temperature during tlie control, cooling and rewarming periods of a tj^pical experi- 
ment. The heart rate shows a precipitous drop which slows as it approaches a steady 
rate which, in man}'- cases, as in this animal, was zero. 

Occasional records of R-waves at irregular interv’^als, as the animal becomes very 
cold, indicate auricular fibrillation although, in general, no irregularity of beat occurs 
before the cessation of beat. The lack of ventricular systole lasts until just after 
the beginning of warming, which has meant asystole for as long as 82 minutes with 



Fig. 4. Heaht rate at difeerent body temperatures, as a 9.5-day-old rat cools to2°C 
and then is rewarmed. The points marked *B’ on the rewarming curve indicate abnormally slow 
conduction, or 2 : i or 3 : i blocks. 

complete recovery of the animal. The only longer records of asystole occurred in 
animals which recovered their heart beats, but then died during the rewarming. 
When the animal is rewarmed, the lieart beat reappears or increases within a few 
minutes and reaches the precooling level or higher. 

In general, in the 20° experiments, the heart rate is slightly higher during the 
rising (recovering) body temperature than during the same body temperature as the 
animal cools. In the 2° experiments, however, just the reverse is true; the heart 
rate during rewarming is slower than during cooling, at the same body temperature 
(fig. 4). The explanation for this difference may be that in the 2° experiments, the 
electrocardiograms show conduction disturbances during the first part of the rewarm- 
ing period, and tliese may account for the slower heart rates. It is also possible that 
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the heart may be warmer or cooler than the abdominal temperature which was the 
one measured. 

Moreover, the heart is often faster in the final control period than during the 
initial control period; where the data were continued long enough, they indicate that 
this is followed by a slow fall to the normal level. This ‘overshoot' is exemplified 
by figure 4. Possible explanations for the overshoot might be that heating is a more 
effective influence upon the cardiac apparatus than is cooling. Another explanation 
might be that the slightly anoxic cooled animal responds to cardiac-controlling reflexes 
more than does a warm, well-oxygenated animal. There is also the possibility that ac- 
cumulated metabolites might stimulate the circulation during and after the warming. 

The electrocardiographic data suggest a prognostic sign for the non-survival of 
the animal. Many of the rats developed abnormally slow conduction of the cardiac 
impulse, or even 2: i or 3: i blocks during the rewarming, but if the animal developed 
irregular QRS impulses, along with the block, apparently more serious injury to the 
auriculo-ventricular node and ventricular conduction system had occurred and the 
animal did not survive. Only irregularly can a sinus impulse reach the ventricular 
conduction system and musculature. Moreover, the ventricular pacemaker, the 
A-V node, is unable, apparently, to initiate its own rhythm effectively. All of the 
ventricular impulses then come from the sinus and the injury' is apparently progres- 
sive. Fewer and fewer ventricular systoles occur and the animal dies within half an 
hour. 

Occasionally, during rewarming of the animals which eventually survive, very 
slow conduction is followed by a 2:1 or 3:1 block as the parts of the heart become 
more normal physiologically. This seemingly paradoxical situation is due to the 
fact that, during the former condition, the sinus frequency is so slow that the ventricle 
is non-refractory by the time the slowly travelling impulse gets to it. This changes 
to a 2:1 or 3:1 block as the sinus frequency becomes faster, because conduction in 
the A-V node and bundle have not correspondingly improved, so the ventricle is still 
refractory after every second or third sinus impulse. This condition, however, soon 
disappears, leaving a physiologically normal heart as ventricular conduction im- 
proves. Occasionally, in some animals during rewarming, the ventricles developed 
a rhythm different from that of the auricles, but none of these animals survived this 
t)q)e of block. 

It seems probable that the blocks produced in the rewarming of the infant rats 
were results of anoxia. Lewis’s (13) description of the electrocardiograms of mature 
rats during progressive anoxia is identical with these results. His blocks readily 
disappeared when ventilation was restored if the asphyxia were not carried too far, 
and he believed that the obstruction was in the A-V node, because more peripheral 
parts of the conduction system could still conduct. AVhen it is considered that tis- 
sues with a high metabolism are especially sensitive to anoxia, it seems reasonable 
that the presumably high glycogen-containing, high metabolizing tissues of the 
cardiac conduction system should be the first and perhaps only ones to be injured by 
anoxia. 

Probably the cooling of the newborn rats produced too rapid a lowering of the 
metabolism of the whole body to cause anoxia. However, while the heart stops 
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beating, and oxygenated blood is therefore not being supplied to the body for over 
an hour, some body metabolism still exists and, as a result, the body and blood are 
becoming very slowly anoxic. When the animal is rather suddenly warmed, the 
metabolism suddenly increases and the heart and respiration may start too slowly at 
first to supply the sudden large needs for oxygen. The anoxia more severely inter- 
feres with the function of the cardiac conduction system than other tissues, so tem- 
porary heart blocks appear until the anoxia disappears and, if the anoxia has been 
severe enough, the injury is irreversible and the animal dies. 

Effects of anoxia on dogs’ hearts include congestion of the heart and veins with 
dilated auricles and pale contracted ventricles (14). The autopsies of the newborn 
cooled rats also showed these signs, all of which appear to be indications of the ina- 
bility of the anoxic heart muscle to do its work. Alexander’s (15) report of the 
German experiments on man mentions the finding of right heart and pulmonary en- 
gorgement in humans. Crismon (10) found the same in cooled adult rats and that 
the A-V blocks in his cooled adult rats disappeared during artificial ventilation. 
This may indicate that a deficient respiratory exchange adds to the deficient circu- 
lation. It is also possible that cold per se might cause enough injury, in some 
way, to produce these abnormalities. There were no detected cardiac abnormal- 
ities still existing at the end of the rewarming period when the surviving animal 
was removed from the respirometer. 

In plotting heart rate, at 35°C., against age, it was noted that the heart rate is 
lower in the younger animals than it is in the older infants, Marcuse and Moore 
(16), who did not keep the body temperature constant, found the same thing in new- 
born rats. They point out that kittens and pigs have faster heart rates when very 
young and the rates decrease to the adult values. This phenomenon apparently 
depends on the species. 

Survival. Of the 41 live rats tested, only 4 did not survive the experiment. 
Two died as a result of 5° exposures and 2 of lower temperatures. Permanent cessa- 
tion of heart beat occurred in 3 during the rewarming period rather than during the 
actual cooling and in one, during a 3° exposure which was of much longer duration 
than any other, nine hours. There is no apparent correlation between non-survival 
and degree of exposure, except that all died at body temperatures of 7.5° or under. 
Many more animals, however, survived body temperatures as low as 2.5°C. There 
is also no correlation between death and rate of fall of body temperature, rise of body 
temperature on rewarming or age of the animal. 

In exposures to 5° or lower, the majority of the animals showed cessation of 
heart beat followed by cessation of oxj^gen consumption, often for over an hour. 
Neither heart beat nor breathing, however, were required for survival of the animals. 
Most of the animals began to breathe and exhibit heart beats within a few minutes 
after the beginning of rewarming, the appearance of the heart beat again preceding 
the metabolic change. It is probable that these animals were not anoxic during the 
cooling period. It seems more likely that it is not until the rewarming period, when 
they are warmed enough to increase their metabolisms, that they experience any 
anoxia. The cardiac conduction system may be sensitive to anoxia in the newborn, 
though less than in the adult, and it may be irreparably damaged. This would 
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cause deficient circulation which would increase anoxia in the whole animal, as it is 
warmed, to an extent which would cause death. 

The temperatures from which the newborn rats do not recover (7° or below) 
differ markedly from those of adult rats 6°) • This difference may be attributed 

to several factors. The metabolism of the younger animal, per unit weight, is 
smaller, according to Himwich cl al. (18); Negelein (17) reports that it also has po- 
tentially greater anaerobic ability. Therefore, anoxia would not as easily injure the 
brain of the newborn, which Himwich (18) believes is the limiting organ in tolerance 
to anoxia. That anaerobic metabolism is a method by which the young are able to 
withstand anoxia is indicated by the experiments of Enzmann and Pincus (19), 
which show that the rate of glycolysis in infant mice decreases with age, and Hlm- 
wich’s (18) finding that lactic acid production is higher in newborn rats, and iodo- 
acetate and fluoride shorten the survival period in nitrogen; they conclude that 
anaerobic metabolism of carbohydrate is an important factor in the survival of 
anoxia in animals of different phases of development, 

Fazekas, Alexander and Himwich (20) point out that newborn rats are less 
mature in development at birth than are dogs and guinea pigs and correlate this fact 
with the finding that newborn rats are able to survive ano.xia longer than they. This 
tolerance, they point out, is lost with age. The animals become progressively more 
sensitive to oxygen lack, presumably because of the development of phylogeneticaUy 
newer, more easily damaged parts of the brain. Newborn rats over periods of an 
hour or two seem comparable with cold-blooded animals in their ability to -withstand 
extremely low body temperatures, 

smnLVRY 

Newborn white rats of o to 17 days of age were cooled to 2°, 5°, 10° or 2o°C. in 
a respirometer filled with oxygen and immersed in a water bath. The immediate 
fall in the intraperitoneal temperature of the rats indicated that the rats were too 
unmature to maintain body temperatures above environmental temperatures, 
all temperatures below and including io°C., the e.xposures were too severe toeli; 
any but a transient increase in metabolism (as shown by oxygen consumption) and 
these transient and comparatively feeble protections against cold were manifested 
only in rats over three days of age. Ultimately, in all e.xperiments on rats up to 10 
days of age at 3° or lower, the metabolic rate reached zero and remained so for as 
long as 108 minutes, followed by complete recovery of the animal. 

Electrocardiograms showed that the rate of the heart beat and of the conduction 
of the cardiac impulse decreased linearly wdth the decrease in body temperature, the 
heart beat disappearing when the body temperature reached between 9 and 3-S°C. 
The asystole lasted up to 82 minutes, followed by complete recovery of the animal and 
, its acceptance by the mother rat. It was believed that the prognosis for non-survival 
of the 4 rats, which died out of the 41 exposed, was the finding of 2'.i or 3 : i block 
"vrith irregular QRS impulses, suggesting serious injury to the A-V node and conduc- 
tion system which apparently was irreversible. This lethal effect "W'as manifested 
only in animals whose body temperatures were 7° or under and the anoxia during the 
rewarming period may have been the ultimate factor in survival or non-survival. 
These low lethal temperatures classify the newborn rat as a temporary poikilotherm. 
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TOLERANCE TO COLD AND ANOXIA IN INFANT RATS* 

fi, F. ADOLPH 

From the Department of Physiology, University of Rochester School of Medicine 

and Dentistry 

ROCHESTER, NEW YORK 

T he object of this investigation was to trace changes with age in the ability 
of infant animals to survive h>T>othermia. It has been known since the 
obser^^ations of Edwards (i) were published in 1824 that infant mammals 
survive the cooling of their bodies to lower temperatures than adults of. the same 
species tolerate. The limits in temperature and in time that can be endured have 
not been ascertained for any species; the question arose whether indefinite poikilo- 
thermic existence was possible at certain ages. 

Infants of various species have been known to survdve lack of air or o.xygen for 
considerable periods of time, ever since the observations of Robert Boyle (2) recorded 
in 1675 and the unrecorded experiences of obstetricians and stockbreeders of all 
centuries. "What is the relation of the two tolerances, that to cold and that to 
anoxia? Do the}" disappear at the same age? If either or both tolerances could be 
presented into adult life, considerable understanding of the animal’s limitations 
toward cold and anoxia would be obtained. 

The present investigation started from the observ’^ation that infant rats sur- 
vived a body temperature of 2° to 5°C. for two hours when enclosed in an atmosphere 
of oxygen (3), but not when the body was immersed to the shoulders in water and the 
head was surrounded by air. 


PROCEDURES 

The initial technique consisted in fastening rats to small boards b^’ passing adhesive tape about 
rach leg. Each infant rat had a thermocouple of fine nylon-ivrapjxjd wires (iron and constantan) 
inserted I to 3 cm. (depending on body size) into the colon, the wires being taped to the animal’s 
tel . e potendal differences, between colonic couple and reference couples to copper at o°C., were 
a anced evety six minutes with a recording potentiometer. Thermocouples were calibrated at the 
c ose o ea experiment. .After a period in room air the boards were clamped so that each of 5 or 
• ° j '‘'•ere held in water of regulated temperature. Ordinarily the infant rats were 

immerse to t e shoulders and neck; the trunk and limbs were covered, but the head was clear of 
e water even w en the animal struggled. For a given experiment the stirred water was kept at a 

-e emperature > a toluene-mercury regulator and relay connected to a compressor that supplied 
a refngeration coil. 

In testing the effects of various gaseous atmospheres, infant rats were placed in 250-ml. Erlen- 
meyer flasks usually with thermocouples in their colons. The flasks were at first surrounded by 
waero 35, ater Y^ater of a low temperature and finally by water of 35°. A stream of air or nitro- 
gen oroxj'gen at room temperature passed continuously through each flask. 
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Survival was judged not by the maintenance of particular activities, for often all movements 
and reflexes disappeared, yet the animals revived. Instead, the criterion was that of recovery and 
continued viability when the rats were rewarmed at 35° with the head surrounded by air. Therefore, 
individuals (usually in pairs) were removed from cold at diverse times, the aim being to have some 
survive and some die. Lethal effects of cold and of anoxia turned out to differ enormously in infant 
rats of diverse ages. Therefore it became necessary to work out systematically, for a series of post- 
natal ages, the lengths of time for which given body temperatures could be endured. 

Rates of body cooling differed greatly, depending on whether the infant rats were in water or in 
flasks (fig. i). The course over which the colonic temperature decreased were only roughly similar 
in the two environments and in two temperatures. 



Hours of Chill 

Fig. I. Cooling curves of infant rats aged 9 days (wt. 15 gm.) under 4 conditions. In 
water of 2 different temperatures as indicated, rats ivere either immersed to the shoulders or were 
placed in a glass flask surrounded by water. Each curve represents the mean of 3 to 6 individuals 
simultaneously exposed, all of wliich survived treatment. 

Fig. 2. Cooling curves for colonic temperatures in rats of 3 sizes that were immersed to 
the shoulders in water of i5°C. at zero time. Each curve represents the mean of 5 individuals simul- 
taneously exposed. Their ages were i day, 27 days and about 200 days respectively. 

For purposes of estimating the endurance times at diverse temperatures, the arbitrary rule was 
adopted of calling zero time when the colonic temperature passed i5°C. But in anoxic exposures, 
the rule was to start passing the nitrogen when the colonic temperature came within 4°C. of the 
water temperature and to call the initial passage of the gas zero time. 

Rates of cooling differed with age and body mass (fig. 2), When the rats were immersed in 
water the courses of cooling were similar excepting for their time constants. However in air, rats 
down to 26 days of age could not be cooled more than a few degrees and those down to 10 days of age 
resisted cooling often for some hours so long as they were breathing. In nitrogen, however, the 
resistance to cooling disappeared. In general the colonic temperature ultimately came to lie within 
2°C. of the water temperature; the younger the individual, the more nearly did the difference approach 
zero. 

Immersion in Water, Air around Head. The endurance times varied enor- 
mously at diverse temperatures (fig. 3); sa colonic temperature of 2°C. was endured 
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for only half an hour, 10° was endured for over two hours. Evidently precise 
knowledge of the temperatures of the vital tissues was the key to recognition of 
lethal conditions. Endurance times also varied with age, becoming shorter at any 
given body temperature. Probably the change was gradual as the animals aged, 
but in this series the data accumulated were only sufficient to show the marked 
diversity between two age groups (fig. 3). 

Adult rats were unable to endure a deep temperature of 14° for even six minutes 
and usually died in two hours at 15°. Above that temperature long exposures ap- 
peared to be tolerated. Infant rats not only endured much lower temperature, but 
exposure time made a larger difference. 

Since rate of cooling differed in animals of diverse sizes (and ages) (fig. 2), it 
could be supposed that slow cooling might yield other results in infant rats. In one 
test, the several individuals were placed in water of 13° and the temperature of the 
water was lowered during an hour’s time to 8°, Survival was not extended by the 



Fig. 3. Colonic XEiipERATURES of infant rats in relation to the length of time those tempera- 
tures remained below is^C. Eack rat was immersed to the shoulders in water and the head was 
surrounded by air. Two age groups are represented; a curv-e for each group separates survivors 
from non-survivors. 

slow cooling. The slow cooling characteristic of exposures in air was also little 
different (see next section). 

Obviously the tissue temperature was of more lethal consequence than the e.x- 
temal temperature. The endurance times in the graphs represent the lowest colonic 
temperatures attained for the period of time that the colonic temperature remained 
below 15 C. An inevitable feature of this form of comparison is that the younger the 
animal, the longer was the exposure to those low temperatures that approached the 
minimal, for it had cooled faster than older animals. 

No evidence was found that rate of rewarming was of consequence. Actually, 
recovery depended upon artificial rewarming, especially in the youngest rats, for heat 
production was almost aboHshed in them (3) and heat could be received from room 
air only slowdy. Infant rats often died if not fully rewarmed before they w'ere re- 
turned to the mother; they were rejected by the mother more frequently when they 
were hypothermic. 

Partial immersion allowed survival at colonic temperatures that were intoler- 
able during immersion to the neck. Ordinarily the hind legs, tail and a small portion 
of the abdomen were then covered by the water. In such immersions the head and 
chest were measurably warmer than the colon. To ascertain this fact, thermo- 
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couples were sometimes placed in the upper esophagus. Moreover, the differences 
between the two regions increased with age; at 25 days the difference was only 1°; 
in the adults a gradient up to 4° was found. 

Initial experiments seemed to indicate that immersion of the chest had a more 
lethal effect than partial immersion. Subsequent tests showed that insufficient 
nmnbers of animals had been used. Any residual difference is now believed to be 
due to the fact that colonic temperatures did not represent the temperatures of 
vital regions during partial immersion. No factor other than temperature of chest 
or head has been demonstrated to influence the lethal conditions for infant rats 
breathing air. 

Rats cooled below io°C. did not breathe in any visible fashion. It seems likely 
that no air was piimped into the chest, but over periods greater than 1.5 hours, 
oxygen was indispensable, as will be shown later. Complete submergence was found 
to bring death in less than one hour; it was probable that water filled the respiratory 
passages during such treatment. 

Other movements besides breathing were retarded as the infant rat cooled. 
Below 8° movements were rarely seen at aU, even in response to prodding of the skin 
on the head. Total cessation of movement was no criterion of ultimate survival; 
this was the reason that the fate of each animal was ascertained by rewarming after a 
predetermined period of exposure to cold inunersion. 

Movements often reappeared in one to two minutes of rewarming. Occasionally 
a rat that had been totally inactive in the cold required 10 to 20 minutes for recovery. 
Sometimes total inactudty occurred, the cold animal having a blue skin instead of the 
more usual pink. It is possible that blueness means cessation of heart beats, for 
electrocardiograms ceased to show cardiac conduction at some such times. In 
general, heart beats were no criterion of survival, for they might cease after cooling 
was over and often may resume after long cessation. Resumption of beats was also 
no prophecy of survival, since beats occasionally failed after returning for some 
period; this fact was ascertained by opening the chest as well as by recording the 
electrocardiograms. 

Infant rats that died h3q)othermally revealed little that was unusual at autopsy. 
The lungs were pink or red instead of the white which characterized those that re- 
covered. Probably more blood was contained in the pulmonary blood vessels during 
chilling; whether this fact was related to failure of survival in certain individuals is 
not known. 

Infants of a few other species were tested by immersing them to the neck. Dog 
pups survived two hours with final colonic temperatures of io°C, Two kittens, 
four days of age, survuved 1.5 hours at colonic temperatures below 15° and down to 
7.2° and g.2°. Five others were killed during 1.8 hours between 15° and 5.8°. In 
another test, 2 two-day old guinea pigs were killed in only seven minutes of exposure 
between 15° and i3°C. of colonic temperature. That guinea pig infants are in- 
tolerant to cold was noted by Edwards. The same species is distinguished by the 
intolerance to anoxia in newborns (4). It is possible to say that guinea pigs are born 
in a state so mature that they have little tolerance either to cold or to anoxia; it 
remains to be ascertained whether they ever had either. 
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The above data reveal the marked cfTect of temperature that modifies the sur- 
vival times of exposed rats. At 20 to 25 days of age the ability to endure tempera- 
tures less than 15° is completely lost. The possible constituents of this infantile 
ability to endure lower temperatures will be considered later in this report. 

Cooling in Air. In this series the infant rats were kept in flasks surrounded by 
water of the desired temperature. At ages up to nine days they were cooled in the 
flasks; older ones v/ere cooled initially by dipping them in the cold water itself, after 
which the low temperature persisted while they stayed in flasks. The data may 




Figs. 4, 5, 6. _ Colonic temperatures of infant rats in relation to the length of time those 
temperatures remained below i5°C. Each rat was kept in a flask surrounded by cold water; air 
slowly passed through the flask. Three age groups are represented; a curve is drawn in each group 
to separate survivors from non-survivors. 


conveniently be referred to three age groups, though more exhaustive tests might 
show intermediate tolerance curves at intermediate ages. 

The most complete determinations fell in ages one to five days (fig. 4). In this 
age the curve has nearly the same position as for the infants of similar age immersed 
in water (fig. 3). It is likely that the two curves wmuld be identical in a larger 
number of tests. 

The tolerance to cold was lost gradually, so that the endurance time in each 
temperature diminished between the ages of i and 20 days (figs. 5, 6). The en- 
durable temperature for some one period of time became higher. The curves are 
roughly of a hyperbolic character, suggesting that cold and time together tend to 
3deld a lethal product. 
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Variations of the exposure in air were made as follows: a) The infant rat was 
strapped to a small board as in the immersion tests, then covered by a thin rubber 
sack and immersed to the neck in water, b) It was placed in a flask and enclosed in 
a refrigerator, c) It was placed in a glass cylinder that was immersed in water while 
a constant stream of air flowed through the cylinder. In each variation only one 
point on the temperature-duration curve was established. None of the procedures 




Fig. 7. Colonic temperatures of infant rats in relation to the length of time those tempera- 
tures remained below i5°C. Each rat was kept in a flask surrounded by cold W’ater; oxygen slowly 
passed through the flask. 

Fig. 8 . Colonic temperatures in relation to time below i5°C. The infant rats were im- 
mersed to the shoulders in cold water and the head was covered bj' a cowl through which a stream of 
oxygen passed. 

modified the results so long as lethality was referred to the tissue temperatures of the 
animals. Hence rate of cooling and of warming may also be said to be of no 
consequence. 

The fact that infant rats endured lower tissue temperatures than adults was 
recorded by Wiesner (5) and Antoschkina (6). The time relations were not in- 
vestigated heretofore and it came to us as a surprise to find that survival was limited 
in the lowest temperatures to half an hour, while at 10° endurance times up to five 
hours prevailed. In natural conditions the importance of nesting and the indis- 
pensability of periodic rewarming by the mother rat are apparent. 
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Cooling in Oxygen. The experiments of Fairfield (3) showed that infant rats in 
oxygen survived at least two hours at body temperatures of 2®C. and at least five 
hours at 10°. It seemed important to see what endurance limits could be obtained 
at these temperatures (fig. 7). Evidently cold could be endured for a much longer 
time in oxygen than in air. This fact indicated that tissues were being injured not 
merely by remaining at a low temperature for too long, but that a higher pressure 
of oxygen deferred the injury for some hours. At the same time, no oxygen con- 
sumption could be detected at 2° to 5“ (3). In temperatures below 6° the heart 
usually ceased to beat (3); in such case a reserve of oxj'^gen may exist in the animal 
when the oxygen has been supplied at high pressures during cooling. Oxygen may 
fill the lungs where it can be picked up by the blood whenever it is circulating; oxygen 
may be utilized by direct diffusion when the circulation has ceased. 

No difference of survival w'as found between rats of one to five days of age and 
those of sk to nine days of age in oxygen. The former w’ere smaller and naked, while 
the latter had thicker skins as well as thicker torsos. If diffusion from the body 
surface were concerned in supplying oxygen, a marked difference would be expected. 

Immersion in water, oxygen around head. At ages beyond nine days, infant 
rats were cooled more conveniently by immersion to the shoulders, WTien an at- 
mosphere of oxygen was kept around the head (fig. 8) survival w'as much longer than 
in an atmosphere of air. 

This result confirmed that of the previous series. It also showed that the aid 
of oxygen in prolonging survival extended to at least 16 days of age. Three tests 
made at 27 days of age at 14° showed that o.xygen no longer protected rats from cold 
as compared with litter mates that had air around the head. The result also showed 
that the oxygen had its chief effect in the head or lung region and not over the general 
body surface. An effect was exerted w^hether the chest was breathing or not and 
whether the heart was beating or not. 


Cooling in Nitrogen. The remarkable ability of the newborn mammal to sur- 
vive without breathing or oxygen has been recognized for at least 300 years, William 
Harvey (7) in 1651 stated that, “I have often seen the human fetus extracted alive 
rom the uterus when the mother has been dead some hours. I have also known the 
rabbit and hare to survive when extracted from the uterus of the dead mother”. 
Simdar observations upon dogs were made by Boyle; he also demonstrated that 
new om c^ would survive in rarefied air much longer than adults, though breathing 
and h^rt beat were suspended for some time. The history of the subject was re- 
^ ^ egaUois (8) in 1824 who made important contributions of his own. 
at temperature might affect the anoxic survival was found by Edwards (i) 
in I 24 w o su mersed newborn kittens in water of various temperatures. Move- 
ments persisted longest (up to 49 minutes) in water of 2o°C.; their duration di- 
mimshed sha^ly m water of both higher and lower temperatures (30°, 42°; 10°, 0°). 

IS we o\TO that the tolerance to anoxia diminishes gradually with age, 
zs was sho^ m various ways for rats by Bert (9), Reiss (10), Cameron (ii), Fazekas 
etal. (12), SeUe (13), Ibestand (14) and Cheymol (15). For the most part, however, 
these investigators neglected to control the animals’ temperatures. Could it be that 

° ° upended upon the tolerance to anoxia and was lost simultane- 

ously with it? 
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Rats were therefore exposed to an atmosphere of nitrogen under specific con- 
ditions of body temperature. The infant rats were first cooled, then the air of the 
flasks which contained them was replaced by a rapid and steady stream of cylinder 
nitrogen. The length of time that infant rats could survive in absence of oxygen was, 
under th e most favorable conditions, two hours (fig. 9) . Tolerance times were greatest 
at about 10°. They diminished markedly and sharply at temperatures below 5°. 




Fig. g-i2. Colonic temperatures in relation to 
time during which infant rats were exposed to absence of 
oxygen. The rats were in flasks surroxmded by water; 
nitrogen passed through the flasks. Four age groups 
are represented; a curve for each group separates sur- 
vivors from non-survivors. 
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Tolerance times also diminished with age (fig. 10); so that by ii days of age (fig. ii) 
the maximal time was only 0.3 hour and by 17 days (fig. 12) was that of the adult. 
The optimal temperature for survival in nitrogen increased from 9° in the newborn to 
somewhere between 15° and 25° at 12 days of age. In contrast to the tolerance in 
nitrogen, that in air was much greater at temperatures above 5° and lasted later in 
life, e.g. II to 13 days (fig. 13). In other words, tolerance to anoxia was largely lost 
before tolerance to cold was lost. The two appear to be independent in large part. 

Oxygen aided survival even in temperatures below 5°, where air was scarcely of 
more aid than nitrogen and was effective over air at an age (16 days) at which anoxic 
survival had disappeared. 
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Further information about the effects of oxygen was gained from the following 
tests: a) Oxygen was injected into the peritoneal cavities of 7 infants of three days of 
age before they were cooled to 5°C. No appreciable difference occurred in survival 
when compared with an equal number of uninjected litter mates, b) Rubber 
collars were placed around the neck and sealed to it by rubber cement. Nitrogen 
was then passed to the head in 13 animals and to the trunk in 10 animals, while air 
irrigated the other compartment. In general at 8° those that had air around the 
head survived indefinitely longer than those with nitrogen around the head, even 
though no breathing could be detected, c) In 6 more infants an atmosphere of 
oxygen was kept around the trunk while nitrogen surrounded the head; they also 
survived in no greater proportion than when nitrogen bathed the whole body. It is 
concluded that oxygen is of no aid in survival except when it surrounds the head, 



Fig. 13- Colonic XEiiPERATURES in relation to mean endurance or survival lime in rats o 
various ages. The 1 2 cur%’cs are traced from preceding figures (adult is from next paper) and are 
fitted to common coordinates. Numbers refer to days of age; R refers to rats immersed in cold 
water to the shoulders, head surrounded by air; O refers to similar immersion, head surrounded by 
oxj’gen. 

Fig. 14. Endurance or survival HiiE in nitrogen and in air in relation to age of infant 
rats. Each curve represents the body temperature indicated, as read off from figures 4-6 and 9-12. 

whether breathing is going on or not. d) Glucose in high concentrations in tissues 
might prolong anoxic survival. In 14 tests glucose was injected intraperitoneally 
before 2- to 4-day-old rats were cooled to 5° or 8° and placed in an atmosphere of 
nitrogen. The same proportion survived as among uninjected rats. This result at 
low body temperatures does not agree with the increase in anoxic survival reported 
by Himwich el al. (16) and Selle (17) in infant rats that "were presumably much 
warmer. 

In sum, the survival of infant rats in the absence of oxygen proved to be highly 
sensitive to body temperature. Most of the anoxic survival disappeared in the 
first 10 days of life, while the survival in cold air lasted a second 10 days longer. 
Surrounding the body by air or oxygen while the head was in nitrogen did not aid 
nor did the injection of glucose. 

Comparisons of Three V ariables. The effects of various combinations of three 



December 1048 


INFANT RATS IN COLD AND ANOXIA 


375 


influences upon survival of infant rats have now been reported; they are age, body 
temperature and time. By transforming the coordinates, several additional features 
of the combined influences can be pictured. The interpolated results are available 
in figure 13. 

When body temperatures were kept constant, the tolerance times diminished 
with age along the curves shown in figure 14. The curves have rather similar shapes 
whether the tolerance to low temperatures was tested in nitrogen or in air, but the 
time scales are very different. The ages at which tolerance was lost in the two 
atmospheres differ greatly. These curves represent the changes in those processes 
that limit the rat's tolerance. They are curves of growth in intolerance. The 
curves of figure 14 correct to constant temperature the similar curves that have been 



Fig. 1$. Rats with various body temperatures survive for the diverse periods of time 
indicated, when they are of the ages shown upon the abscissae. Curves are derived by transforming 
interpolations in previous figures. 

Fig. 16. Endurance times of infant rats in relation to the oxygen pressure to which they are 
exposed at the several body temperatures indicated. Infants of 2 ages are represented. Curves 
are derived from previous figures. 

constructed by those investigators who measured the tolerance times to anoxia at 
various ages without controlling the body temperature that prevailed. In their 
results the younger animals undoubtedly had lower temperatures than the older ones. 

Figure 15 presents the contours for equal survival times at diverse ages and 
body temperatures. These contours define the safe conditions both in nitrogen 
(absence of oxygen) and in air. While during the first week of life, temperatures 
below 5° could be endured for about the same length of time regardless of the presence 
or absence of air, by the age of two weeks the tolerance to anoxia had been lost at all 
temperatures, leaving the tolerance to cold little impaired. Differentiation of the 
two tolerances is again evident. 

Finally, interpolations at diverse pressures of oxygen are shown in figure 16. 
In 10° the hours of life added by each increment of oxygen pressure were about the 
same as in 1°, but advancing age eliminated the survival at low pressures before it 
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diminished greatly the time before death at high pressures. The results also suggest 
that survival may be greatly prolonged at oxygen pressures above one atmosphere. 

COJIMENT 

Outstanding among the results of this investigation is the discovery that oxygen 
aids prolonged survival at body temperatures belov/’ i2°C. Breathing then has 
usually ceased. Thereafter it may be the supply of oxygen available in the lungs 
which is important. If so, the circulation of blood might transport the oxygen to 
other tissues. But below 6° there is no heart beat. Hence o.xygen is reaching some 
critical tissues by diffusion through other tissues. The reserve of oxygen was shown 
to be either in the lungs or around the head. The fact that the resen^e does not last 
indefinitely suggests the former. It might be inferred that in. larger species of the 
same postnatal age, diffusion distances would be too great to allow such a large 
effect of oxygen. Wffiether this is so has not been ascertained. 

Anaerobic survival of the young infant rat occurred at all temperatures. It was 
longest at io°. Above that temperature it may be inferred that metabolism is 
slowest at the lower temperatures, so that a reserve lasts longer. Below that tem- 
perature some limitation prevails that has a negative temperature coefficient. It 
seems likely that this activity is the same temperature-sensitive one that also limits 
aerobic survival. In part this limitation is also oxygen-sensitive. It is clear, then, 
that cold has a lethal effect below io° that is not limited by metabolic reserves, but 
perhaps represents the destruction of enzymic and other systems by low temperatures. 
The inference is drawn that cold is destructive in infant rats, at about the same 
temperature (8° to io°) that it is destructive to peripheral tissues in adult rats and 
rabbits. The heart may be a limiting tissue in aerobic survival, but there is no 
evidence that such is usually the case in infant rats. The heart’s activity is here 
divorced from survival. The heart very often resiunes beating during rewarming, 
though this event alone does not foretell survival for other irreversible damage may 
have been suffered. 

The minimal temperature for heart beats rises gradually with age, from 6° in 
the newborn to 15° in the 27-day-old rat. The parallelism of this rise with the rise 
in minimal aerobic survival suggests that they are interrelated. 

Breathing movements serve as signs of life at temperatures above 15°. Sur- 
vival is certain as long as gasping (jaw movements) continues. Observers (13) dis- 
tinguish an aerobic series of gasps from a subsequent, less frequent, anoxic series. 
After the last gasp, survival is no longer possible, but at temperatures below iS°j 
breathing movements are usually absent. No longer do they serve as signs of sur- 
vival; they are suspended in cold and are readily resumed during rewarming. Occa- 
sionally artificial breathing may be imposed %vith probable advantage, but in most 
tests here it has been omitted. In certain instances foamy fluid issued from the 
mouth when the chest was squeezed and thereafter gasping was resumed. Hence it 
is always possible that mechanical obstruction is sufficient to influence spontaneous 
activities that would otherwise secure survival. Other movements such as pendular 
limb movements, and responses to mechanical irritation, occasionally serve as signs 
of life but cannot be counted on. They may well depend upon portions of the neuro- 
muscular system that do not determine ultimate survival. 
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At times skin color was thought to indicate viability. The majority of chilled 
infant rats had bright pink surfaces, but some were blue or dusky. The pink ones 
usually recovered as soon as rewarmed, but occasionally not at all. The blue ones 
rarely recovered promptly, but in some instances resumed gasping, then breathing, 
then other movements, after many minutes of rewarming. There seems, therefore, 
to be no combination of signs by which the capacity to recover from chilling can be 
foretold. 


SUMilARV 

Infant rats of ages up to 27 days were cooled to known body temperatures, 
either without or with immersion in water. After various times of exposure they 
were rewarmed to ascertain survival; all signs of life may be absent during hypo- 
thermia. In an atmosphere of nitrogen, newborn rats survived for two hours at 
io°C., for shorter times at lower or higher temperatures. The presence of air en- 
hanced survival above 5° and an atmosphere of oxygen prolonged it greatly at all 
temperatures up to 12°. With increasing age the tolerance to anoxia was lost before 
the tolerance to cold. This is evidence that these two remarkable tolerances do not 
depend upon the same critical process. 
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LETHAL LIMITS OF COLD IMMERSION IN ADULT RATS’ 

E. F. ADOLPH 
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ROarESTER, KEW YORK 

T he object of this investigation was to ascertain what conditions limit an 
animal’s endurance of immersion in cold water. Is the limit set by the 
temperature to which the body or certain tissues of it are chilled? Can the 
limit be changed by previous treatments? How variable are the endurances and 
susceptibilities among individuals? 

Methods of testing tolerances to cold are numerous and diverse. Local or gen- 
eral cooling can be employed; any of a score of responses can be observ-ed. Each of 
the responses represents a particular combination of functions and properties of the 
organism. No one test of resistance to cold will assay all the factors that may play 
a part in tolerance. The survival test here used, however, constitutes a practical 
over-all test. 

Studies of cold immersion have been performed by other investigators; few (i, 2, 
3) have employed small mammals. One of the questions to be answered here is 
whether or not cooling by immersion is intrinsically different from any other cooling. 
Only limited studies of hypothermia have in the past been made without anesthesia; 
it is important to know whether the anesthesias used by others influenced the ex- 
tremes of temperatures that could be endured. 


PROCEDURES 

In the present work, albino rats were restrained by tapbg their legs to wooden holders. There- 
after they were immersed, usually to the shoulders, in water that was (in most experiments) of a 
temperature that could be endured by some individuals for two hours. Thereafter the rats were 
^ '^ater and allowed to warm in room air. Only those that sur\nved for an in- 
definite penod thereafter were considered to have endured the hj-pothermic experience. These 

Mn 1 onso '''Ere chosen because they parallelled those under which men are placed during 

immersion m open oceans. 

^^t®™PEratures attained within the body, thermojunctions were inserted 5 cm. 
thin the colon._ The wires leading from the Junction were held in place by taping them to the tail. 

junctions were placed in the esophagus; in this case the wires were encased in 
wrannprt ’ P^Even e e rats from chewing the wires. The wires used (30-gauge) were nylon- 
WMnl contained in a fle.xible bundle only i mm. in outside diameter. 

fto rnnnprJ Covered with deKhotinsky cement. In each dreuit two cold Junctions 

automatirallv^nla^^^™ j ^ "'ater; the potentials in each thermojunction circuit were 

were accumtp t ^ recording electronic potentiometer. Successive readings 

n/nrTT f C.; however, during 24 hours the calibration changed by ±0.3° on the average. 

b Sent -“0^ shifted, however, ^e 

increment of potential per degree of temperature did not change. 

Received for publication October n, 1948. 
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Course of Cooling. Colonic temperatures diminished witlr time in a highly re- 
producible fashion (fig. i). A slight lag, lasting less than two minutes, was followed 
by a precipitous fall and by a final approach to an asjmiptote which approximated 
the water temperature. In rats of 200-gm. body weight, immersed to the shoulders, 
half the difference between initial colonic temperature and water temperature was 
traversed in about 13 minutes, regardless of the water temperature, provided the 
latter did not exceed 2o°C. 

The final difference of temperature between colon and medium was largest when 
the body’s tissues were at 34° (fig. 2). Evidently this gradient in a warm rat can 
amount to 4°C. in a tissue thickness of only 2 cm. or less. This large gradient 
resulted from at least two factors: a rapid production of heat which was greater than 
at neutral or usual body temperatures (38°) and great internal insulation, secured by 


Fig. I. Courses of colonic temperature in 
rats of 200 to 260-gm. body weight when immersed 
to the shoulders in water of diverse temperatures. 
Each curve is the mean of s individuals exposed at 
one time. 



minimalization of blood flow. These factors were illustrated by comparing the 
cooling curves of living rats and dead rats (fig. 2). In contrast, when the rats were 
in water of 37° the heat production was low, the insulation being dissipated by rapid 
circulation of blood to the body surface. At any one time after immersion, colonic 
temperatures tended to be linearly related to water temperatures (fig. 3). Com- 
pensations successfully combatted this tendency only in the region of 30° water 
temperature. In water of 20° and below, the difference of temperature between 
colon and medium at the end of two hours was less than i°C. Esophageal thermo- 
couples indicated that the chest region also had similar temperatures (table i). 

When rats were immersed only to the hips, cooling was considerably slower (fig. 
4). Moreover, the anterior regions of the body could now be considerably warmer 
than the posterior (table i), by as much as 4°C. Seemingly the blood flow to the 
cooled posterior regions diminished to a point where little heat was carried to them. 




380 


E, F. ADOLPH 


Volume 155 


When the rats were enclosed in rubber jackets that were held some distance from the 
body surface, cooling was very greatly delayed (fig. 4). The insulating effect of an 
air layer next to the skin is well known and its remarkable protection was here illus- 
trated. In 12® water the rat immersed to the shoulders died in less than one hour; 



Time in Hours 

Fig. 2. Courses of coeootc temperatures in rats of 225'gin. each, immersed in^watcr o 
30” and then transferred to water of about 37®. The solid cur\’c represents the mean of 4jiving rats 
he dash curve the mean of 2 rats previously killed by placing them in nitrogen for 3 min. 



Fig. 3. COEOMC tempera- 
tures in relation to water tempera- 
tures surrounding the rats. Points 
were read off from fig. 1 . Survival 
is usual within the area enclosed by 
dash lines. 


the rat immersed to the hips might survive for 8 hours; and the rat in a jacket would 
hardly be in danger of death. 

Lethality. Each standard test of ability to survive was conducted by immersing 
to the shoulders 5 rats, of about 200 gm. each, for two hours in a large water bath 
that was held constant within ±o.i°C. Subsequent rewarming was usually ‘spon- 
taneous in air of about 25°C. and after three hours of it the animals were unbound 
and returned to cages. Those alive at the end of 20 or more hours were found to 
survive indefinitely. 
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The mortality curve was established on 90 control rats (fig. 5), about half of 
which died in two hours. By interpolation, the median lethal temperature of the 
water was i4,8°C. The lethal colonic temperature cannot be estabh'shed quite so 


Table i. Simultaneous temperatures in esophagus and in colon of rats 

COOLING IVHILE IMMERSED IN WATER 


IHMERSIOK 

WATER TEMP. 

i 

DDRATION i 

riNAE 
COI.OOTC T, 

riKAE 
ESOPH. T. 

EXPIRED 

AT 

COLONIC T, 
THEN 

ESOPH. T. 
THEN . 


°c. 

t hr. 

°c. 

°c. 

hr. 

'C. 

‘C. 

in jacket 

12.0 

1 6.2 

i 

12.4 

iS.o 

3-2 

15-6 

17-5 
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0 

2 

I 

5-0 

II. 7 
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night 




10. 0 

5-0 

II .9 

14.8 
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Hours of Immersion 


Fig. 4 (Jeff). Courses of cooling in rats treated in 3 ways in one water bath at i5°C. • • 
Fig. s (right). Fraction of rats that survive when for 2 hours they are immersed to the 
shoulders in water of the temperatures indicated. The numbers tested are: 15 at 14.0°, 35 at 14.5° 
and 50 at 15.0°, 5-10 at each other point. Some of the treatments, as in table 2, are indicated- to 
show that subsequent differences in survival are not significant. 

accurately, since during these tests the cahbrations of the thermojunctions varied 
by as much as o.3°C. greater than the water temperature at the end of two hours 
immersion to the shoulders, making the mean lethal colonic temperature i5.i°C. 
A roughly similar lethal temperature was reported by Hamilton (4, 5) for unanesthe- 
tized rats that were cooled by immobilization in cold air. 
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In rats so immersed, breathing became uncertain, irregular and slow as the ani- 
mals cooled. It could not be affirmed with certainty, however, that breathing wholly 
ceased in any individuals that survived. Heart beats continued in all survivals in 
which electrocardiograms were taken. Relle-v movements of the head, and wink 
responses to inechanical irritation of the eye-lids, persisted in nearly all individuals 
that recovered. However, in 13 rats it was specifically ascertained that wink reflexes 
disappeared, yet the individuals recovered later. The time of immersion at which 
the wink reflex disappeared is shown in figure 6 for each individual that succumbed 
of those represented in figure 5. At each of four temperatures the median times for 
this ‘death’ are indicated. In water of 14.5°, 30 per cent of the animals recovered 
and survived; in 15.0°, 65 per cent survived. 



Fig. 6. TKiiPERATURF. of immcrsion water ia 
relation to time before loss of wink refle.x. At the 
end of 2 hr. rats were removed from the cold water 
and allowed to warm slowly; those that had not lost 
the reflex are designated as survivors, but of them 7 
more died within 24 hr. 


The bod}’’ weights of the animals that succumbed before the median time were 
no less than those of the animals that lasted longer. However, other rats of less than 
loo-gm. body weight succumbed sooner; they are not included in this series. In 
such sma.ll individuals the cooling was more rapid, and slightly greater. 

VanabilUy. The mortality curve of figure 6 indicates that some individuals 
were more tolerant than otliers. Differentiation of this curve would show a fre- 
quency distribution of the lethal temperatures. Two thirds of the individuals would 
be included m a range of lethal temperatures within dzo.5° of the median. This 
therefore is the standard deviation among lethal water temperatures for two-hour 
exposures. That the variability of lethal effects was in time as well as in tempera- 
ture was shown b}^ the disappearance of reflexes (fig. 6). Once the reflex wink had 
taded, survival had become improbable. 

Sorne of the variability was within the individual. In one instance a rat that 
survu e m water 0 14.5 succumbed a week later during immersion in water of 15.0°. 

u no regu ar e ect o previous subjection to cold immersion was found, pro- 
viding several days intervened between exposures. Part of the variability was prob- 
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ably in the treatment of the rats. It was not possible to equalize the exact extents 
of immersion, the bodily positions (which are concerned in struggling) and the stir- 
ring of the water. None of these factors was clearly proven to matter, however. 

Detailed study of single individuals that were cooled while surrounded by rubber 
jackets showed marked diversities of pulse rates (ascertained from electrocardio- 
grams) at any colonic temperature that might be chosen. The heart was seen to 
beat at a colonic temperature as low as 13.8°, with subsequent recoveries of the 
animals after the wink reflex had temporarily disappeared. The heart could beat 
as infrequently as 20 times per minute (400 beats/min. at 38°). It could beat ir- 
regularly, often with partial block, and still recover, but it has not been seen to 
recover after cessation of as long as 10 seconds. During the rapid cooling and re- 
warming of these tests, the temperature of the chest might differ appreciably from 
that of the colon. 

Various Rales and Durations of Cooling. The rates of cooling of rats were varied 
by a) using water of diverse temperatures from 5° to 15°; b) immersing the rats to 
diverse extents; c) surrounding the animals with rubber jackets; and d) gradually 
cooling the water in which the rats were immersed to the shoulders. From all these 
experiments the conclusion was drawn that lethal injur}' resulted wlienever the teni 
perature of the anterior half of the body had decreased to 14° to 15°. The period of 
time (up to 6 hr.) during which the body remained at this temperature mattered 
chiefly in the fact that disappearance of reflexes and other functions caught up with 
more individuals. For the animals immersed only at the posterior end, the colonic 
temperatures could be 3 to 4®C. lower than the esophageal temperatures (table i). 
No attempt was made to find whether the chest or the head was the critical location 
for the low temperature. 

Whether the lethal damage occurred in a particular tissue, or in several, was 
uncertain. The heart beat, the breathing and the eye-wink reflex all slowed as the 
temperature of the animal fell and tended to reach zero at 13° to i5°C. While the 
continuance of these functions could not always be taken as guaranteeing survival, 
nor their cessation as preventing it, the functions were probably critical ones. Simi- 
larly, it is not implied that colonic temperature was the only factor determining sur- 
vival. This report is not specifically concerned with identifying the modes of death, 
but with estabhshing a reproducible test of lethality in cold, against which the pro- 
tective power of diverse procedures might be tested. 

Present evidence points to the conclusion that the duration of the lethal tissue 
temperature (15.1° ±0.5°) was of little importance. In five tests, individuals were 
rapidly cooled and then quickly rewarmed, so that their colonic temperatures dipped 
below 15.0° for only 6 to iS minutes. However, two of them were killed just as 
were individuals maintained at 14.7 " for two hours. On the other hand, continuance 
of the cold immersion up to five hours at 15° was not significantly more lellial than 
for two hours. However, for 12 hours, water of 16° came to kill the rats immersed 
in it. 

Possible Influences upon Survival in Hypothermia. 

a) .-}/;<■. Rats of all ages above :f) d.ays died at the same average body tcmperalures when 
immersed in cold water. In tlic series of c.\perinjcnts so far quoted, animals ranged from i ^ to 1 a 
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months in age, and 103 to 360 grams in weight. Other individuals of 26 and 27 days of age (40- 
49 grams) were tested for 2 hours; all in 14° water died; thrcc-fifths survived in 15° v.'alcr. Hence 
from 26 days upward no differences due to age or size were found, providing tlie chest temperatures 
attained were brought close to the water temperatures. Only rats in earlier infancy survived lower 
body temperatures. 

„\.b) Sex. Equal numbers of males and females were used in the main scries. No difference of 
mortality w’as found between them. 

c) Season. No differences of lethal temperatures were found among series of tests done in each 
quarter of the calendar year. 

’ d) Rale of rewarming. Most of the rats exposed to cold were allowed to rewarm in air of 25°. 
More rapid rewarming occurred in air of higher temperature usually 30°; still more rapid in water 
of 35°. Survival of the rats differed only to the small extent that some were incompletely rewarmed 
before they were returned to their food cages, causing delayed death (sec below). 

e) Deprivation of food. Individuals were kept without food but witli water for 2, 3, or 4 days 
before tliey were chilled. The difference in survival was scarcely significant (fig. 5 and table 2); 
and survival was less than in controls, a result opposite to that noted by Fuhrman and Crismon (6) 
in anesthetized rats. 

f) Deprivation of water for similar periods of time likewise did not favor survival. It may be 
remarked that privation of either food or water induced self-denial of tlie other item of intake (7)- 

g) Glucose was administered, usually 1,5 gm. by stomacli tube, to ii rats. The proportion of 
them that survived chilling was no different from that of simultaneous controls (table 2). In an- 
esthetized rats, administration of glucose just before cooling upon chilled metal, irregularly delayed 
the stoppage of heart and brea tiling movements (6). 

Ii) Adrenal cortical hormone (cortin) was injected subcutaneously (0.5 or i.o ml. Parke Davis), 
with no deviation in lethal effect from that of the controls. This result also contrasts with that of 
the above investigators. 

i) Oxygen around head. Rats that were being cooled by immersion to the shoulders bad their 
heads covered by a rubber cowl, into which passed a continuous stream of mcj’gen. By this means 
their lungs were left filled with an atmosphere of oxj'gen whenever they stopped breathing. In 
contrast to the positive result in infant rats, no greater suradval resulted here (table 2). 

3) Digitalis. Equal numbers of tests were made after intraperitoneal injection (at 20-60 
minutes before chilling) of each of the following: 0.67 ml. digalen, o.i 7 ml. digalen, 0.60 ml. cedilanide 
(oir lanatoside C). Mortality in water of 14.5° did not decrease, contrary to expectation from the 
results of Crismon and Elliott (8) but not from those of Barbour cl al. (9). 

h) Acdimalizalion. Rats were acclimatized to cold by placing them with adequate food and 
water in air of about 7°C. for periods of ii, 17 or 30 days. If anj' treatment would make animals 
more tolerant to cold, this might well be it. But, no more survival was found than in control rats. 
AccUmatization may be considered as occurring in two possible ways: by change of resistance to 
cooling (by more production of heat or by less loss of heat or by both) and'by change of tolerance of 
low temperatures within the tissues. In the present tests all resistance to cooling is rapidly over- 
borne. Tolerance of cold is alone being tested; such tolerance has not been successfully modified. 

The test of survival here employed is a sensitive one. In all cases the colonic 
temperatures of the treated rats did not differ bj’’ more than a few tenths of a degree 
from those of the control rats. However, the colonic temperatures that could be 
tolerated at the end of two hours of immersion up to the shoulders varied by a stand- 
ard deviation of ±o.5°C. No treatment was found that low'ered the median lethal 
tenaperature by even 0.2 C. Hence it may be concluded that the temperature, at 
which the tissues that limit a rat’s survival are injured, is fixed to such an extent that 
it has not beeti. modified by any of the mfluences tried. 

The hibernating individual and the mfant are the two kinds of mammals known 
whose tissues come to survive temperatures that are otherwise lethal. The hiber- 
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nating animal continues its breathing and blood-circulation at very low tissue tem- 
peratures (i°C.); only the infant survives (for a couple of hours) without either, 
Delayed Death. In 21 rats exposed to cold apparent recovery began, only to be 
followed some hours later by death of the animals. These rats generally failed to 
regain their usual body temperatures ‘spontaneously’; artificial warming would 
probably have saved them. Such deaths occurred occasionally in two or four hours 
after rewarming began, but more often happened during the night after an immersion. 
None occurred more than 24 hours after emersion. 


Table 2. Mortality of treated and control rats immersed to the shoulders ■ 


FOR two hours in WATER OF CRITICAL TEMPERATURE 


TKEMHEKI 

WATER TEMP. 

NO. TREATED 

PER CENT 
SURVIVED 

NO. or SIMUL- 
TANEOUS 
CONTROLS 

PERCENT 

SURVIVED 

c. No food 

iS-o° 

14 

43 

1 

9 

89 

/. No water 

iS-o° 

12 

5° 

6 

100 

g. Glucose 

14.5° 

II 

55 

8 

SO' . 

h. Cortin 

14- S“ j 

6 

50 

4 

SO 

i. Oxi^gen at head 

i4-S‘’ I 

10 

20 

S 

80 

j. Digitalis 

14.5° 

18 

33 

12 

■ 58 

k. Acclimatized 

14-5° 

15 

1 47 

10 

60 


Fig. 7. Courses of rewarming in 
room air and in warm water. Each curve 
represents the mean of 2-5 individuals. 



It seems probable that the lethal damage was inflicted during the period of low 
body temperature. No observed signs allowed prediction of the imminence of 
death; on the average these animals warmed more slowly and showed poorly coordi- 
nated locomotion. Where the lethal injury lay is unknown, but the central nervous 
tissue is naturally suspected. This form of delayed death was less critical than that 
found in heat stroke (10). Li the latter, rats died up to two hours after they were 
cooled from a critical hyperthermia produced in a hot atmosphere, but both heat 
injurj’- and cold injury may become irreversible some time before circulation and 
breathing actually cease. Delayed deaths have also been observed during ‘recover- 
ies’ from food privation and from water privation. 
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At autopsy, rats that were killed in acute hypothermia or that died after hours 
of delay showed but little uniform abnormality. The lungs were congested to vary- 
ing degrees; the congestion appeared to be uniform over the lungs of most individuals, 
but occasionally involved localized hemorrhages. Consolidation of the lungs has 
been sometimes observed but may have preceded the hypothermia. 

Course of Rewarming. The progress of rewarming was surprisingly slow in 
rats. On the average they required 52 minutes to warm by the first 2°C. after 
emersion into air of 25°. The rewarming was steady (fig. 7) and became somewhat 
more rapid as the animals became warmer and resumed movements. The colonic 
temperatures of dead individuals leveled oft, with the air temperature as asymptote. 
One fourth of the recovery of the 200-gm. living rat (from the minimal body tempera- 
ture to the body temperature that preceded immersion) required 82 minutes, one half 
of it required 145 minutes. The latter could be reduced to 20 minutes by immersing 
the rat at once in water of 3o°C. 

The rate of rewarming in air manifested the animal’s inherent abilities to recover 
after its body temperature had been disturbed. Evidently a rat cooled to below 
2o°C. was almost paralyzed in its recover}^ Heat production was exceedingly 
small, reflexes had partially disappeared, circulation of blood was slow. Even when 
free movements had been recovered, shivering was small; rats do not have violent 
shivering as a part of their armamentarium of compensation for cold. 

The chief effect of artificial rewarming was that it prevented the deep tempera- 
ture from falling still lower after the animal was removed from water that was colder 
than the colon; when the rat had been quickly cooled in water of 5° to 10°, cooling 
by an additional degree or two could occur after emersion. In such a case rapid 
rewarming might be of \dtal consequence, but once temperature equilibrium had been 
established between body and water, the temperature did not diminish after the 
animal was emersed, for no evaporative cooling then occurred. Evaporation was 
already minimal, because the body was cooler than the air and the air was nearly 
saturated with moisture; the body might even gain heat by condensation of moisture. 

coinrEKT 

The above experiments measure the lethal effects of cold in terms of the tempera- 
tures to which tissues are subjected and from which they can recover. It is shown 
that the mature rat is killed whenever the temperature of its head and chest is de- 
creased to 15. 1 C. ±0.5° (standard deviation). The variabilitj'- of tolerance in the 
tissues of indmduals is therefore small indeed. 

Eo method was found of modifying the lethal temperature. Plainly, tolerance 
of tissues to low temperatures is fixed. Modifications in resistance that are known 
to occur in mammals generally, therefore, belong to the processes or properties that 
oppose tissue cooling, but cooling is exceedingly fast when a small mammal is im- 
rnersed. The only exception in tissue susceptibilities is the spontaneous transforma- 
tion of some mammals into hibernating ones. The rat’s measures for protection all 
a into the class of provisions that will delay cooling. Artificial provisions will 
evi ently fall into the same class. Immersion in cold water furnishes more rapid 
coolmg of a rat than any other means that has so far been tested. It ydelds more 
uniform cooling than is attained in air or other media. It provides a quick test of 
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tissue tolerance to cold. Further, it shows that survival temperatures of tissues are 
the same whether the rat be cooled slowly or rapidly. Over longer periods of time 
than the 2-hour and 5-hour periods that we have used, time might become a factor 
in survival, as was shown to be the case in guinea pigs (i). In the present experi- 
ments a period of four hours at 15° colonic temperature killed few more rats than a 
period of one hour; while a period of 12 hours at 16° was lethal. The percentage of 
delayed deaths may or may not be greater in the prolonged immersions. 

Simultaneous measurements of esophageal and colonic temperatures in rats 
showed that during partial inamersion in water of i2°C., a temperature gradient of 3 
to 4°C. can be maintained between anterior and posterior portions of a rat as small 
as 200 gm. In that water the gradient makes the difference between death and 
life. Such a gradient can exist transversely in this small animal only when the tem- 
perature of the body is very high (above 30°). At low temperatures the rate of heat 
production is too low to support it. The lethal temperature during water immersion 
is surprisingly constant among indi\'iduals and with age above 26 days after birth. 
Moreover, no treatment has yet been found to influence the ultimate survival. 
Many other treatments need testing in the hope that some will prove effective. 

SUMMARY 

Median lethal temperatures were ascertained by immersing mature rats for 2 
hours in waters of constant temperatures. The median lethal temperature of sur- 
rounding water was i4.8°C., its standard deviation was d=o.5°. The colonic tem- 
peratures were ordinarily o.i® to 0.3° higher than the water temperatures. Rates of 
cooling were not significant factors in the survival of rats after lethal cooling. Some- 
times after incomplete rewarming, death was delayed for many hours after apparent 
recovery. No factor was found to modify the lethal temperature of the unanesthe- 
tized rat. Age above one month, season, body size, sex; administrations of glucose 
or cortin, digitalis or oxygen; deprivations of food or of water; acclimatization to 
cold air, all failed to modify the lethal temperature. Resistance to cold in rats ap- 
pears not to be modifiable, therefore, in the tolerance of tissues, but depends solely 
upon delays in the cooling of essential tissues. 
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INFLUENCE OF TEMPERATURE ON THE RESPONSE OF 
FROGS TO X IRRADIATION 

HARVEY M. PATT and MARGUERITE N. SWIFT 
From the Biology Division, Argonnc National Laboratory 

CHICAGO, ILt-lNOIS 

I N A preliminary note, we reported that low temperature treatment of frogs 
after total-body exposure to x-rays greatly prolongs their survival (i). The 
present studies were initiated to determine: i) v/hether this altered radiosensi- 
tivity is due to a decrease in the rate of development of radiation injury or actually 
reflects a more rapid and complete recovery from the effects of irradiation and 2) 
whether body temperature during exposure influences the radiation reaction. Since 
the overt response of the frog, a poikilotherm, to x-radiation appears to be rather 
similar in many respects to that observed in the mammal, it was thought that these 
studies might be of practical as well as theoretical interest. 


METHODS 

Male frogs {Rana. piptens) weighing 20 to 30 gm. were housed in stainless steel or glass aquaria 
provided with platforms to enable them to remain in or out of water. The slock animals were kept 
in a constant temperature room (22°-23°C.) and were not fed during the e.xperiment. Each ship- 
ment of frogs was observed for 2 to 4 weeks before irradiation and those animals obviously in poor 
condition were discarded. In spite of all precautions, some deaths occurred from time to time 
among the stock animals. To control this spontaneous mortality, nonirradiated frogs were observed 
along mth their irradiated members in each experiment. Moreover, in each experiment the various 
conditions of ternperature were evaluated on groups of animals received at the same time. 

^ ^ Frogs were irradiated in a circular cell of perforated aluminum divided into 10 radially arranged 
individual compartments. The exposure box was rotated slowly on an electrically driven turntable 
to assure equal irradiation of all the animals. The radiation factors were: 200 kv.; 15 ma.; 0.5 mm. 

u. an 3.0 mm. bakelite filters; target distance 45 cm.; dose rate 45-50 r/min., total dose 1000 to 
9000 r. 

For imdiation at different body temperatures, the e.xposure box was fitted into the inner chamber 
0 a^ n r^ constant temperature cell. Water or ice was placed in the concentric outer chamber 
^ ^ desired ambient temperature. Except for the lucite top of the inner chamber through 
w c ex ray beam was directed, the entire ceil exterior was insulated with rock wool. Air 
mpera ure o t e mner chamber did not vary by more than ±i°C. from the beginning to the end 
o an closure. *rogs were placed in the constant temperature exposure cell two hours before 
lira la ion. ecta temperature measurements made with copper-constantan thermocouples re- 
vea e is mterva vas sufiScient to assure body and ambient temperature equilibrium, with 

^ ^ degree centigrade above the latter. Animals which were 

fiermostots ^ ^'irradiation were placed in large refrigerators equipped with special 

critorion of radiation effect. In a pilot series, the radiation-induced 
different rnndV ^ histopathology of certain tissues w'ere also compared under 

21°C siihseniienf^^ t data were obtained in frogs given 3000 r at 

^ ^ ^ ^ 5 C. for 28 days and then returned to as'C. Counts were made at 
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weekly intervals on three frogs in each experimental group. Comparison was made with appro- 
priate controls. 


RESULTS 

Toxicity data for animals maintained at different ambient temperatures after 
exposure to various roentgen doses delivered at 22° to 23° C. are summarized in 
table I. The prolonged sundval with low-temperature treatment is clearly evident 
even for a radiation dose (9000 r) which is almost nine times the completely lethal 
dose. Some 80 to go per cent of the animals kept at 5° C. for three to four months 
after irradiation survive a dose (3000 r-6000 r) which kills aU frogs at 22° C. within 
two to five weeks. However, when tlie former are removed from the cold even after 


Table i. Intluence of temperature upon subtotal of frogs after x irradiation^ 



1 All animals were irradiated at 23°C. ^ Only 30 of the original group of 58 animals were 

observed at 13 weeks. 


prolonged periods, death ensues. The time for 50 per cent lethality at 23° C. after 
varying periods of low-temperature treatment is presented in figure i. It wiU be 
noted that ultimate toxicity is not influenced significantly by keeping frogs at 
5° to 6° C. for 60 days after 1000 r, 75 days after 3000 r and 130 days after 6000 r. 
Mortality of the nonirradiated temperature controls averaged only 5 to 10 per cent 
over these intervals. Inspection of figure 2 reveals that the survival curve for the 
1000 r frogs after their removal from low temperature is identical with that obtained 
for similarly exposed animals without cold treatment. Similar results were observed 
in the 3000 r and 6000 r groups. 

The ambient temperature at which frogs are x-irradiated is clearly without effect 
on survival (fig. 2). Similar responses are obtained in the groups exposed to 1000 
r at 1° to 3° C. and at 21° to 23° C. Combining low temperature during exposure 
to 1000 r and for the first 24 hours after exposure likewise does not influence toxicity. 
Percentage survival and the mean survival time are also not altered appreciably 
when frogs are irradiated with 3000 r at 5° C., 12° C., 21° C. and 32° C. (fig. 3). 

When the blood counts of irradiated frogs are expressed as percentage changes 
from their respective temperature controls, no definite trends are discernible in red 
cell number. Blood platelets tend to decrease (6th day), then increase (13th and 
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20th days) after irradiation. These changes seem less severe in the animals kept 
at low temperature after exposure. However, the clearest indication of a tempera- 




ture effect is in the total white cell count, which decreases to a lesser extent in the 
irradiated frogs kept at low temperature. Yet, when the cold-treated aniraab are 
returned to room temperature after 28 days, their leukocyte count is depressed and 
reaches a low level comparable to that seen in the nonrefrigerated group (fig. 4). 
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Histological studies on frogs sacrificed at 2, 4, 6, 24 and 48 hours following expo- 
sure to x-rays at 23° C. reveal that cellular degeneration of lymphocytes in the 
spleen and intestinal submucosa is evident at 2 hours in animals kept at 23° C. 
and at 48 hours in those at 5° C. There is apparently no further damage after 6 



Fig. 3. ErPECT OF TEMPERATUEE during x-irradiation on survival (3000 r). 



hours in the animals kept at room temperature, and at 24 and 48 hours there is no 
appreciable difference in these animals from the nonirradiated temperature controls. 

DISCUSSION 

There is evidence which suggests that the radiosensitivily of tissue may be de- 
pendent upon certain aspects of its activity. An increase in growth rate, cell divi- 
sion, respiratory activity, blood flow etc., induced by temperature, drugs and other 
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experimental manipulation, is said to enhance susceptibility to radiation under 
certain conditions (2-8). On the other hand, a change in cell environment can also 
alter the response to ionizing radiation independently of a change in the number of 
dividing cells and of oxygen consumption, or can even fail to influence sensitivity 
though growth rate and metabolic activity arc greatly diminished (5, 9). 

The eggs of Ascaris and Drosophila, and the skin of young rats irradiated at low 
ambient temperature are more resistant than those at liigh temperature (2, 4, 6). 
The reverse is true for the broad bean root and for mouse tumor tissue (9, 10). 
Radiosensitivity of wheat seedlings and of thymic cell suspensions is not affected by 
low temperature (5, ii). When chick embryos and Ascaris eggs are maintained at 
lov/ temperature after exposure, radiation injury is delayed in the former and appar- 
ently repaired in the latter (12, 13). Similar experiments with the broad bean root, 
Ascaris eggs and thjnnic cell suspensions, in v.-hich desiccation, an ox>"gen-poor 
environment and low temperature respectively v.'cre utilized to decrease cellular 
activity after irradiation with gamma and x-rays, reveal that there is no appreci- 
able recovery under these conditions (14, ii). Many of these findings are difficult 
to reconcile solely on the basis of differences in the test objects and in the criteria of 
radiation effect employed and are perhaps indicative of the complexity of radiation 
reactions. 

Survival of frogs is not influenced by altering their body temperature during 
and/or for the first 24 hours after x-irradiation. Similarly, \ve noted in other ex- 
periments that toxicity was unchanged when the oxygen consumption of frogs was 
depressed by some 50 per cent during exposure to x-rays as a result of a prior in- 
jection of potassium cy^anide (15). Survival is greatly enhanced, however, as long 
as the frogs are kept at low temperature continuously after irradiation. Altered 
f sensitivity in the cold is due apparently to a decrease in the rate of development of 
radiation damage (prolongation of the latent period) rather than to any appreciable 
recovery. Wflien the animals are removed from the cold after a prolonged period, 
there is no change in absolute survival nor any clear difference in the time course of 
deaths from that obseiv'ed in irradiated animals maintained at 23° C. Additional 
evidence in support of this interpretation is presented in the hematologic and histo- 
logic findings in the few frogs in v/hich these determinations were made. 

We may conclude from these studies in frogs that the primary’ reactions occurring 
during exposure to ionizing radiation, which initiate the changes leading to morbid- 
ity, are independent of body temperature over a wide range and are apparently 
physical or photochemical in nature. The changes incidental to irradiation (second- 
ary reactions) are, however, temperature sensitive. Yet, modifying the rate of these 
secondary reactions by depressing body temperature for prolonged periods is with- 
out effect on the final outcome. This suggests that the mechanisms concerned with 
recovery may, likewise, have a high temperature coefficient. 

STOGIARY 

Toxicity is not influenced by altering the body temperature of frogs during and/ or 
for the first 24 hours after total-body x-irradiation with 1000 r and 3000 r. Survival 
is greatly enhanced, how’ever, as long as the animals are kept in the cold (5°-6° C.) 
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continuously after the exposure. This altered sensitivity is due apparently to a 
decrease in the rate of development of radiation damage (prolongation of the latent 
period) rather than to any appreciable recovery. When the animals are removed 
from the cold after periods of 60 to 130 days, there is no change in absolute survival 
nor any clear difference in the time course of deaths from that observed in irradiated 
animals maintained at 23° C. These findings indicate that the metabolic level 
during exposure does not influence the overall radiation reaction in frogs and that 
the primary process of radiation damage is not repaired in the metabolically de- 
pressed animal. 

The authors wish to thank Miss Ruth Rhoades for her cooperation in the preparation and 
interpretation of the tissue sections. 
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S CHOFIELD (i) was the first investigator to describe the hemorrhagic dis- 
ease of cattle known as sweet clover disease. The work of Roderick (2, 3) 
indicated that the increased clotting time was primarily due to a deficiency 
in the prothrombin content of the blood. The causative agent of this disease was 
isolated by Campbell and Link (4) and the chemical studies of Stahmann cl al. 
(5) showed it to be 3,3'-methylenebis(4-hydrox)'^-coumarin) known popularly by 
the trade name of Dicumarol. Further work with Dicumarol tended to confirm 
the hypothesis that the substance prevents the synthesis of prothrombin in the liver 
(6-g). The evidence for this view has been obtained by determining the clotting 
time of plasma from treated and untreated animals using excess protein thrombo- 
plastic agents and optimal quantities of calcium ions. The clotting time of the 
animals treated with Dicumarol was markedly increased and it was thought that 
this indicated a lack of prothrombin since the other necessary clotting factors were 
present in excess. 

During a study of the effect of Dicumarol on the prothrombin content of dog 
plasma, it was noted that clotting of such plasma occurred more rapidly with a lipid 
thromboplastic agent than with a protein thromboplastic agent. Since it has been 
frequently shown that the protein thromboplastic agents are more active than the 
lipid ones (10, ii), this anomalous behavior was investigated. 

METHODS 

Reagents 

Lipid thromboplastic agent. This agent was prepared from beef brain by the pro- 
cedure of Hays and Lein (ii). It consists of a mixture of phospholipids and gave no 
evidence of containing protein by the xanthoproteic test. The material was pro- 
tected from autoxidation by shaking with a saturated solution of hydroquinone in 
acetone, collecting on a Buchner funnel and drying in vacuo. This material showed 
an optimal thromboplastic activity at a concentration of 3 mg/ml. of i per cent 
NaCl. An emulsion of the lipid at this concentration was prepared weekly and 
kept at 5°C. when not in use. 

Received for publication October 18, 1948. 
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Protein fJiromboplasiic agent. Beef brain served as a source of this agent. The 
brains were stripped of their meninges and macerated in two volumes of i per cent 
NaCl. The mixture was placed at 5°C. for 20 hours and then strained through 
cheesecloth. The liquid was centrifuged at 2000 r.p.m. for 30 minutes and an 
equal volume of saturated ammonium suKate was added to the supernatant. After 
30 minutes at 5°C. a flocculent precipitate settled out and was packed by centrifu- 
gation. The tan residue was dissolved in one per cent NaCl, one part of saline to 
six parts of tlie original weight of brain tissue. This protein thromboplastic agent 
was stable over a period of at least one month. The small amount of ammonium 
sulphate present in the preparation was not removed by dialysis. Experiments 
on the clotting of diluted plasma by tlie protein agent indicated that the concentra- 
tion of ammonium sulphate was too small to have an inhibitory effect under the 
conditions in which the protein agent was used. 

Fibrinogen. The fibrinogen was prepared from beef blood by the method of 
Jacques (12). This method consists essentially of precipitating the protein three 
times in a IM phosphate solution of pB. 6.6 and dialyzing it to get rid of the phosphate. 

Prothrombin. Two types of prothrombin preparations were used. One, derived 
from beef blood, was kindly supplied by Dr. Walter H. Seegers. It was a very highly 
purified prothrombin obtained by the method of Ware and Seegers (13). The 
preparations of prothrombin from rabbit plasma were made using the procedure of 
Munro and Munro (14). This method is based upon the adsorption of prothrombin 
on aluminum hydroxide and its elution with a 0.211 phosphate buffer of pB 8.0. 

PROCEDURE 

Experiments were carried out using rabbit plasma. Blood was drawn by cardiac 
puncture directly into 0.13M sodium citrate, using one part of citrate to nine parts 
of blood. The blood was immediately centrifuged at 2000 r.p.m. for 25 minutes 
and the plasma removed. Clotting times were determined in Pyrex tubes, 10 x 
75 mm., using 0.6 ml. of plasma, 0.2 ml. of thromboplastic agent and 0.2 ml. of i 
per cent calcium chloride. After mixing the reagents the time in seconds when the 
tubes could be inverted without flow of contents was determined. This was con- 
sidered to be the clotting time. These times were determined at least in duplicate 
and the mean values are recorded in the data. Clotting times were also determined 
with I per cent NaCl substituted for the thromboplastic agents. These mixtures 
clot due to some extraneous thromboplastic agent being present in the plasma. 
AH experiments were carried out at room temperature. 

RESULTS 

Clotting of Dicumarol plasma. A total of 9 rabbits was used in the Dicumarol 
experiments. The clotting times were first determined before giving them Dicu- 
marol. Dicumarol, 10 mg/kg., was then mixed with a small quantity of the rabbits’ 
food, the bulk of the food being withheld until all the treated food had been con- 
sumed. The Dicumarol was given on three successive days and a blood sample 
was withdrawn on the fourth day. The animals showing prolonged clotting times 
invariably died. Autopsy revealed excessive bleeding into the pericardial cavity. 



396 


JOSEPH LEIN AND PATRICIA S. LEIN 


Volume 155 


The plasma obtained from 6 of the Dicumarol-treatcd rabbits was divided into 
two portions. The clotting times were determined on one of these portions. To 
the other, excess purified beef prothrombin in the form of powder was added and 
the clotting times noted. This was done to determine if normal relationships v/ould 
be restored in Dicumarol plasma by the addition of purified prothrombin. The 
clotting times in seconds of this series of e.xperiments are presented in table i. 

The data of the table show that with normal plasma the protein thromboplastic 
agent is considerably more active than tlie lipid agent. In 7 of the 9 rabbits this 
relationship is drastically changed in the Dicumarol plasma. In 4 of these rabbits, 
I, 2, 5 and ( 5 , the Dicumarol plasma did not clot with the protein thromboplastic 
agent in over 11,000 seconds while the lipid agent induced clotting in an average of 
404 seconds. Rabbits 5, 8 and g also showed markedly longer clotting times with 


Table 1. Clotting of nowul plasma, dicumap.ol plasma and dicumarol plasma plus 

PROTHROMBIN BY SODIUM CIILOPJDE, THE LIPID THROMBOPLASTIC AGENT AND THE PROTEIN 

THROiinOPL.\STIC AGENT 







CtOTTIKC 

TIMES 




EABBIT KO. 

Kormal plasma 

Dicumarol plasma 

Dicumarol plasma plus 
prothrombin 


NaCl 

Lipid 

Protein 

NaCl 



NaCl 



I 

186 

i 

1 

70 

57 

”35 

443 

> 11,000 



1 

2 

178 

79 

SO 

1620 

420 

> 11,000 

273 

95 

87 

3 

189 1 

100 ! 

63 

142 s 

293 

> 11,000 

210 

1 

100 

57 

4 

288 ! 

132 

S3 ' 

563 

273 

183 

1 

1 


5 

223 

91 

63 

1350 

600 

1,380 

i 161 ! 

71 

47 

6 

245 

94 

57 

1785 

460 

> 11,000 

160 

8 S 

58 

7 

193 

70 ! 

53 

27 s 

no 

100 




8 

327 1 

no 

S3 1 

1468 

193 

00 

0 

160 

70 

40 


30 s 

77 ' 

39‘ ’ 

1560 

263 

3,600 j 

180 

1 

63 

38* 


^ A new preparation of the protein thromboplastic agent was used in this experiment. 


the protein agent as compared with the lipid agent. Rabbits 4 and 7 did not show 
these marked effects. Campbell et al. (15) showed that some rabbits are more re- 
sistant to Dicumarol than others and that the resistance is inherited in simple Mende- 
lian fashion. It is thought that rabbits 4 and 7 may be Dicumarol-resistant rabbits. 
Results also indicate some increase in the clotting time of Dicumarol plasma by the 
lipid. These values are invariably longer than those of the normal plasma. Adding 
highly purified prothrombin to the Dicumarol plasma caused the clotting times to 
revert to the condition found in normal plasma. 

It is interesting to note in the data that the 7 rabbits showing the altered clotting 
relationship of protein and lipid thromboplastic agents also have a longer clotting 
time when protein thromboplastic agent is added than when one per cent NaCl is ' 
used. This indicates that the protein agent is actually inhibiting the clotting of the 
plasma by the thromboplastic agent normally present in the plasma. An experi- 
ment was carried out to see if the protein would inhibit clotting of the Dicumarol 
plasma by the lipid agent. Clotting time w^as determined on Dicumarol plasma of 
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rabbit 3 using in one case 0.6 ml. of plasma, o.i ml. one per cent NaCl, o.i ml. lipid 
agent and 0.2 ml. one per cent CaCl2. The plasma clotted in 285 seconds. A 
second tube containing 0.6 ml. of plasma, 0.1 ml. protein agent, 0.1 ml. lipid agent 
and 0.2 ml. of one per cent CaCb clotted in 660 seconds. This experiment shows 
that the protein actually does act as an inhibitor of clotting in Dicmnarol plasma. 

Physical reduction of prothrombin content. In view of the residts obtained with 
Dicumarol plasma, experiments were carried out in which the prothrombin content 
of normal plasma was reduced by physical methods. The clotting times of such 
plasmas obtained with the lipid and protein thromboplastic agents would indicate 
whether the Dicumarol results could be explained on the basis of reduction of pro- 
thrombin content of the plasma or whether some other explanation would be neces- 
sary. The prothrombin in normal plasma was reduced in concentration by two 
methods. In the first the prothrombin was reduced by dilution and in the second 
it was reduced by adsorption on aluminum hydroxide. 


Tabm 2. Clotting of diluted plasma by lipid and protein thromboplastic agents 


% OF NOMIAL PLASMA 

eXOTTING XniES 

Diluted with 1 % NaCl 

Diluted with fibrinogen solution 

Lipid 

Protein 

Lipid 

Protein 

100 

61 

52 

41 

39 

so 

86 

58 

45 

41 

25 

105 

70 

54 

49 

12. s 

130 

106 

99 

90 

d .3 

220 

143 

135 

109 

3-1 

315 

285 

276 

175 

1-5 ! 

! 


435 

294 


Two samples of plasma were used for the dilution series. One sample was diluted 
using one per cent NaCl as the diluent while the other was diluted using fibrinogen 
solution. Clotting times were determined at the various dilutions using the diluted 
plasmas, thromboplastic agents and CaCb in proportions described in the methods 
section. These results are presented in table 2. 

It will be seen from the data of table 2 that when normal prothrombin is decreased 
in concentration by dilution, clotting by the protein thromboplastic agent is always 
more rapid than by the lipid. Even though the clotting time of the more dilute 
plasmas clotted by the lipid agent were of the same order of magnitude as that of 
the Dicumarol plasma of table i, clotting times using the protein agent were still 
shorter. 

The prothrombin concentration was also reduced in normal plasma by adsorbing 
the prothrombin on various amounts of aluminum h3'^droxide cream.® This prepara- 
tion has been shown by Munro and Munro (14) to adsorb prothrombin. The alu- 
minum hydroxide cream was added to normal rabbit plasma to make volume con- 


^ The aluminum hydroxide cream used was W3"eth’s ‘Amphojel’ without flavor. This was 
kindly supplied by Doctor Barol of Wyeth Corporation. 
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centrations of i, 2, and 3 per cent. It was mixed thoroughly and allowed to stand 
at room temperature for 15 minutes. After this time the aluminum hydroxide v.-as 
centrifuged down and the plasma used for the clotting time tests. Clotting times 
were determined as before using the adsorbed plasmas and the protein and lipid 
thromboplastic agents. Clotting times with one per cent NaCl instead of the 
thromboplastic agents were also determined. The c.xperimental results arc presented 
in table 3. 

The data of table 3 indicate that if one reduced the prothrombin content of plasma 
by adsorption on aluminum hydroxide, the protein thromboplastic agent still shows 
greater activity than tlie lipid agent. 

Isolation oj altered prothrombin Jrom Dicnmarol plasma. The above experiments 
indicate that reducing the prothrombin concentration by physical methods gives 


TaBI.E 3. ClOTTJKG of aluminum IIYDROXIDE-TRF.ATF.D PLASMA BY SODIUM CHLORIDE, THE LIPID 
THROMBOPLASTIC AGENT AND THE PROTEIN THROMBOPLASTIC AGENT 


% AUOH), 

cL0Tn?;c nuns 

NaCl 1 

: Eipid 

Protein 

0 

173 

i 78 ! 

60 

I 

558 

i 141 

III 

2 ! 

1020 1 

190 1 

135 

3 

1320 

255 

1S5 


Table 4. Conversion of prothrombin isolated rROii normal and dicumarol plasma to 

THROMBIN BY THE LIPID AND PROTEIN THROMBOPLASTIC AGENTS 


TYPE or PLASitA 


(XOTTING TIUES 


XaC! 

Lipid 

Protein 

Normal 

195 

i 

00 

Dicumarol 1 

690 

1 1 

i 443 

1005 


different results in relation to thromboplastic clotting than does treatment of rabbits 
with Dicumarol. It was thought advisable therefore to attempt an isolation of 
prothrombin from plasma of a rabbit treated with Dicumarol and compare it with 
prothrombin isolated from a normal rabbit with respect to activation by protein 
and lipid thromboplastic agents. Prothrombin was isolated by the technique of 
Munro and Munro (14) from plasma of a normal rabbit and the Dicumarol plasma 
of rabbit 6. These prothrombin solutions had a Kjeldahl nitrogen value of 5 and 6 
mg. per cent and thus represented a purification of the order of 250 times. Experi- 
ments on the conversion of prothrombin to thrombin by lipid and protein thrombo- 
plastic agents were carried out by determining the clotting time of 0.3 ml. of 
fibrinogen, o.i ml. of prothrombin, o.i ml. of one per cent CaCb and o.i ml. of the 
thromboplastic agents. Similar tubes were set up using 0.1 ml. of one per cent XaCl 
instead of the thromboplastic agents. Since clotting did occur in these latter tubes, 
it is evident that an extraneous thromboplastic agent normally present in plasma 
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had been carried over in the preparation of either the fibrinogen or the prothrombin 
or both. The clotting times in seconds of these mixtures are given in table 4. 

The data of table 4 are in agreement with tlie results found using whole Dicumarol 
plasma. The prothrombin from untreated rabbits was converted to thrombin more 
rapidly by the protein thromboplastic agent than by the lipid. In the case of the 
prothrombin isolated from the Dicumarol-treated rabbit, the clotting time of the 
protein agent was longer than that of the control saline solution, while the lipid 
clotting time was considerably shorter than that of the control. Thus it appears 
that the thromboplastic lipid is able to convert to thrombin the purified prothrombin 
obtained from plasma of Dicumarol-treated rabbits while the protein agent is in- 
active. Furthermore, the protein agent actually inhibits clotting of these solutions 
by the extraneous thromboplastic agent present in the preparations. Substantially 
the same results were obtained with another isolation from Dicumarol plasma. 

DISCUSSION 

The fact that a lipid thromboplastic agent clots the plasma of Dicumarol-treated 
rabbits, whereas the normally more potent protein thromboplastic agent is ineffec- 
tive, necessitates a change in concept either of thromboplastic action or of Dicumarol 
action. An unlikely explanation is that there are two prothrombins in the blood, 
one activated by the protein thromboplastic agent and the other by the lipid throm- 
boplastic agent. With this hypothesis one would assume that the Dicumarol affects 
primarily the synthesis of the latter prothrombin. This is thought unlikely, since 
adding highly purified prothrombin to Dicumarol plasma wiU not only make it 
clottable by a protein clotting agent but, also, reduces tlie somewhat prolonged 
clotting time of the lipid thromboplastic agent to its normal value. This indicates 
that both the lipid and the protein thromboplastic agents can react with the same 
prothrombin. 

It is believed that the results can best be explained by assuming that Dicumarol 
does not prevent the formation of prothrombin by the liver but changes the speci- 
ficity of prothrombin formed by the liver in such a way that it is not activated by 
protein thromboplastic agents but is activated, though with decreased efficiency, by 
lipid thromboplastic agents. Thus, consider the blood of rabbil 6. Before Dicu- 
marol, its clotting time with a protein thromboplastic agent was 57 seconds. After 
Dicumarol treatment it was greater than 11,000 seconds. From these values and the 
usual concept of Dicumarol action, one would e.xpect that the plasma was practically 
devoid of prothrombin. Yet, the plasma that did not clot in 11,000 seconds with a 
protein thromboplastic agent did clot with a lipid thromboplastic agent in 460 
seconds. Furthermore, the ‘prothrombin' in the Dicumarol plasma was purified 
and experiments showed it to be acted on by the lipid agent but not by the protein 
agent. We think that this is strong evidence for the presence of an altered pro- 
thrombin in Dicumarol plasma, especially since experiments in which the prothrom- 
bin content of normal plasma is decreased by either dilution or adsorption on 
aluminum hydroxide show that the protein thromboplastic agent is always more 
active than the lipid. 

The somewhat prolonged clotting time of Dicumarol plasma with the lipid throm- 
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boplastic agent could indicate either that the altered protlirombin is present in a 
lower concentration than normal plasma prothrombin or that the efficiency of con- 
version of the altered prothrombin by the lipid is decreased. The possibility that 
both of these contribute to the prolonged clotting time also exists. IVliilc no rigor- 
ous argument could be developed from the data favoring any of these choices, it is 
believed more probable that the lipid agent acts on the altered prothrombin with 
less efficiency. The very fact that the prothrombin has a changed structure makes 
it unlikely that it will react with the lipid thromboplastic agent with the same reac- 
tion velocity constants as does native prothrombin. 

The results further indicate that the protein thromboplastic agent actually in- 
hibits the conversion of prothrombin to thrombin by the lipid thromboplastic agent. 
This behavior readily explains the results of the workers who used crude thrombo- 
plastic mixtures containing both protein and lipid thromboplastic substances. 
Such a mixture is the thromboplastin prepared by Quick’s method (16) and used 
extensively by workers to determine clotting times of Dicumarol plasma. The 
protein thromboplastic agent in these preparations probably prevents the lipid 
thromboplastic agent from exerting its effects. Consequently, measurements using 
such thromboplastic preparations would be the same as those obtained using protein 
thromboplastic agents. 

The clotting of recalcified Dicumarol plasma, when one per cent NaCI is used in- 
stead of a thromboplastic agent, indicates that the extraneous thromboplastic sub- 
stance present in the rabbit plasma has the characteristics of the lipid thromboplastic 
agent. Its efficiency of action is decreased in the case of Dicumarol plasma and its 
action is inhibited by the protein thromboplastic agent. This view receives further 
support from the experiments studying the conversion to thrombin of prothrombin 
purified from Dicumarol plasma. It was shown that considerable extraneous 
thromboplastic substance is carried over in the preparation of either the prothrombin 
or the fibrinogen and this substance behaves in much the same fashion as the lipid 
thromboplastic agent. 


SXJilMARY 

Experiments were carried out on the clotting of plasmas of untreated rabbits and 
rabbits treated with Dicumarol using lipid and protein thromboplastic agents. 
WTiile with normal rabbit plasma the protein thromboplastic agent is more active 
than the lipid agent, the relationship is reversed after treatment with Dicumarol. 
In one case Dicumarol plasma which did not clot in three hours with the protein 
agent clotted within five minutes with the lipid agent. 

Since reduction of prothrombin concentration by dilution or by adsorption on 
aluminum hydroxide does not reverse the relative thromboplastic activities of the 
lipid and protein agents, it is assumed that Dicumarol treatment does not prevent 
the s3Tithesis of prothrombin by the liver but causes the sjmthesis of an altered 
prothrombin. This altered prothrombin is not converted to thrombin by the ac- 
tion of a protein thromboplastic agent but is converted by the action of a lipid agent. 

It has been showm that the protein thromboplastic agent inhibits the clotting of 
Dicumarol plasma by the lipid thromboplastic agent. This fact is thought to ex- 
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plain the results of prothrombin time determinations on Dicumarol plasma using a 
thromboplastic agent containing both the lipid and protein agents. The thrombo- 
plastic substance normally present in rabbit plasma has characteristics of the lipid 
thromboplastic agent. 
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ROarESTER, irrSKESOTA 

C l ALCULATIOKS based on the ex-change of P”- from tlic inorganic phosphate 
to the phospholipids of the liver indicate that approximately 5 per cent of 
1 these phospholipids are renewed each hour in the normal adult rat (i). 
Verj’’ large variations of the amount of protein, carbohydrate or fat in the diet of the 
rat may produce alterations of the relative size of the liver and the concentration of 
phospholipids of the liver. Tlie rate of phospholipid formation, however, under these 
circumstances was found to be essentially that of normal rats (2). A marked in- 
crease has been found in the rapidly regenerating liver after partial hepatectomy so 
that the amount of phospholipid formed by the remaining portion of the liver appro.xi- 
mates that formed b)'’ the entire liver of a normal rat (3). An increased turnover 
rate, as indicated by an increased amount of administered incorporated in the 
hepatic phospholipid, has been found after the administration of choline (4), betaine, 
methionine (5), cystine and cysteine (6) and a decrease has been found after admin- 
istration of cholesterol (7). 

The purpose of the experiments reported here was to determine the changes in 
the distribution of administered P^- in the inorganic phosphate and the phospholipids 
of the plasma and liver in rats after the administration of thyroxine or thiouracih 
Calculations made from these data indicate that the rate of turnover of the phos- 
pholipids of the liver is increased by the administration of thyroxine and decreased 
by the administration of thiouracih 

EXPERIilENTAL IIETHODS 

Adult male "white rats weighing approximately 200 gm. maintained on the stock commercial diet 
of Friskies were fasted for 20 hours prior to the administration of One group of rats had pre- 
viously received two daily subcutaneous injections of o.i mg. of thyroxinc/ioo gm. of body weight 
and a second group had received o.i per cent of thiouracil in the drinking water for periods of from 
10 to 56 days. The basal metabolic rate of the rats recemng thyroxine "was increased and sections 
of the thy roids, taken at the time of necropsy, showed the alterations expected after the administra- 
tion of thiouracil. Twelve microcuries of from the cjmlotron at the Massachusetts Institute of 
Technology "^^ere injected intravenously, as dibasic sodium phosphate containing less than o.oi mg. 
of phosphorus, at inter\'als of one-twelfth, one-fourth, one, two and four hours prior to removal of 
blood and liver, -with the rats under pentobarbital sodium anesthesia. The inorganic phosphate and 
p ospholipid of plasma and liver were extracted and the concentration and radioactivitv of each were 
determined by methods previously described (i). 

Received for publication October 4, 1948. 

* Read at the meeting of the .American Chemical Society', Chicago, 111 ., September 9-13, 1946. 
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RESULTS 

In both the thyroxine-treated and thiouracil-treated rats the weight of the liver 
and its water, total lipid, phospholipid and inorganic phosphate content were well 
within the range for normal rats fasted for the same interval. The plasma from the 
thyroxine-treated rats contained definitely increased amounts of inorganic phosphate, 
but normal amounts of phospholipid. The plasma from the thiouracil-treated rats 



Fig. I. Curve of mean values found in normal and thyroxine-treated rats for specific 
activity of plasma inorganic phosphate after a single injection of phosphate P®. 

contained slightly less than normal amounts of inorganic phosphate and slightly 
more than normal amounts of phosphoKpid. 

Because of the greater amount of inorganic phosphate in the plasma of the 
hyperthyroid rats, the injection of the same amount of produced definitely lower 
average specific activity of the plasma inorganic phosphate than in normal rats (fig. 
i), which in turn produced lower specific activity of the inorganic phosphate of the 
liver. The opposite was true for the thiouracil-treated rats, in which the specific 
activity of the inorganic phosphate of the plasma and of the liver was higher than in 
normal rats. '' 
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The specific activity of the phospholipids of the livers of the thyroxine-treated 
rats was almost identical with that of normal rats at each of the time intervals 
studied. The radioactivity of the phospholipid was acquired from the inorganic 
phosphate, which had less activity than that of the normal rats, so that more phos- 
pholipid must have been formed in the hyperthyroid rats. The relative activity, 
which has often been used as an indication of the rate of turnover, w'as 47 per cent in 
the hyperthyroid rats as comi)arcd with 31 per cent in the normal rats and vdth 22 
per cent in the hypothyroid rats four hours after the administration of P^. The 
specific activity of the phospholipids of the liver of the hypothyroid rats v.'as definitely 
less than that of normal rats taken at the same time interval after administratio 
of 



Fig. 2. CravE or meax VArtrEs of specific activaties of hepatic inorganic phosphate and of 
hepatic phospholipid found after a single intravenous injection of phosphate P". 

For the calculation of the rate of turnover of the phospholipids of the liver we 
have used the method of Zilversmit,.Entenman and Fishier (8), who demonstrated 
that the turnover time of substance Ff, which is formed from the percursor A , is the 
quotient of the difference of the areas of the specific activity time curves of the two 
substances divided by the change of specific activity of B during the time interval. 
We have used the specific activity of the liver inorganic phosphate as that of the 
precursor of the liver phospholipid. The proportion of the fiver phospholipids, 
which is renewed each hour (i?) is the quotient of the change of specific activity of the 
phospholipid per hour {d pi) divided by the difference of the mean specific activity of 
the hv6r inorganic phosphate {m i) and the mean specific activity of the liver phos- 
pholipid (m pi). R — (d pi)/mi- 7 npl. The mean specific activity for the inorganic 
phosphate and phospholipid phosphorus, which is required for the calculation of R, 
was obtained by evaluating the respective areas under the time curves (fig. 2) and 
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relating this to the time interval considered. The chief numbers of interest are 
summarized in table i. The corresponding activity- time curves were obtained by 
graphic smoothing of the observed specific activities in order to depict the course of 
changes of these values. The numbers pertinent to the calculation of R are to be 
found in rows 12 through 16 of the table. The rate of change of specific activity of 
hepatic phospholipid per hour (row 15) is obtained by dividing the specific activity 
at time t (row 10) by the time (row i). The mean specific activities of the hepatic 
inorganic P and phospholipid P (rows 12 and 13) were obtained from the area under 
the time activity curves and their differences are given in row 14. The value for R 


Table i 




THYROXrNE-TREATED RATS 

XmOITRAaL-TREATED RATS 

I. Hrs. after administra- 
tion, t 

o.S 

I 

2 

4 

I 

2 

4 

2. Rats 

6 

10 

12 

14 

6 

23 

38 

3. Body weight, gm 

217 ± 6 

177 ± s 

180 ±3 

176 ± 2 

204 ah 4 

223 ah 4 

210 at 2 

4. Liver wt., % of body 
wt 

3 . 4 ±o.l 

4 .S ± 0-3 

3-7 ±0.1 

3.7 ±0.1 

3.8 ah O.I 

3.6 at 0.2 

4.0 ah 0.1 

Mg. P/ioo gm. (iterass to?) 
5. Plasma inorg. P 

7.3 ±0.3 

Q.2 i:0.4 

10.2 ±0.4 

9.4 ±0.3 

6.7 ah O.I 

5-9 ±0.2 

6.0 ato.2 

6. Liver inorg. P 

27.6 ± 0.6 

30.4 ± 0.9 

28.1 ±0.8 

31.6 ± I.O 

32.2 aho.3 

29.8 ah 0.5 

30.4 at 0.5 

7. Liver lipid P 

i2g ± I 

121 ± 4 

118 ± I 

125 ± 2 

126 at 3 

128 ah 2 

I31 at 2 

Specific activity at time t 
(items 8 to 10) 

8. Plasma 

Inorg. P 

2,227 ± 120 

1,372 ±38 

929 ah 66 

sop ±32 

2 , 66 s ah 93 

1,440 at 55 

843 ±23 

Lipid P 


23 ±3 

164 ± 14 

283 ± 7 

23 at 3 

51 ± 5 

185 at 10 

g. Liver inorg. P 

2,364 db 162 

1,879 ± fit 

1,267 ± 72 

681 ± 46 

2,58s ±93 

1,98s ±S 9 

1.339 ±30 

10. Liver lipid P 

64 ± 9 

no ± It 

257 ± 14 

320 da 21 

72 at 3 

179 at 14 

284 at 9 

II. Relative activity, liver 
lipid P: inorg. P 

0.028 

0.058 

0.208 

0.47 

0.028 

0.088 

0.223 

Mean sp. act. to time ( 
(items 12 to 14) 

12. Liver inorg. P 

1,961 

2,038 

i.Soo 

1.375 

2,641 

2,463 

2,062 

13. Liver lipid P 

30 

62 

123 

206 

36 

So 

154 

14. Difierence 

1,931 

i, 97 fi 

1.677 

1,169 

2,605 

2,383 

1,908 

1$. Change of specific ac- 
tivity of lipid P/hr. . . 

128 

no 

128 

80 

72 

89 

71 

16. R 

0.066 

0.056 

0.076 

0.069 

0.028 

0.037 

0.037- 

17. New phospholipid P in 
mg/hr/ioo gm. of rat 

o.2g 

0.30 

0.33 

0.32 

0.13 

0.17 

O.IQ 


is given in row 16. The amount of phospholipid P newly formed each hour cal- 
culated for each 100 gm. of rat {R X mg. phospholipid P/ 100 gm. liver • liver weight/ 
body weight) is given in row 17. This is an average of 0.31 mg. for the 42 thyroxine- 
treated rats and 0.18 mg. average for 67 thiouracil-treated rats, which differs by 
-I-29 per cent and —25 per cent respectively from the average of 0.24 found for 45 
normal adult rats (i) at similar periods after administration of 

We have made similar calculations from the data, obtained one hour after 
administration of P^^, from 8 young normal rats weighing 75 gm. each. These 
showed a turnover rate of liver phospholipids of 0.054 and because the liver is rela- 
tively larger in the young rats than in older rats 0.33 mg. of phospholipids was being 
formed for each 100 gm. of rat each hour. Twelve other young rats weighing 123 
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gm. taken four hours after administration of P’- gave data from which 0.058 for R 
and 0.33 mg. for the amount of new phospholipid P formed each hour/ 100 gm. of 
rat were calculated. For these two groups of young animals the rate of phospholipid 
turnover in the liver was approximately that of normal adult rat liver, but was 
greater on the basis of total body weight. 

On the assumption that the new phospholipid entering the plasma has the same 
specific activity as the average specific activity of the hepatic phospholipids, we have 
attempted to calculate the rate of turnover of the plasma phospholipids. The specific 
activity of the liver phospholipid was considered to be that of the precursor of the 
plasma phospholipids and calculations were made from the smoothed curves of the 
specific activity-time relations. There was considerable variation in the data from 
individual rats at the same time periods. The turnover rate, that is, the proportion 
of phospholipids replaced in the plasma each hour, was calculated as 0.79 from 
average data from 38 adult normal rats taken one, two or four hours after admin- 
istration of P^'. Similar data from 36 thyroxine-treated rats gave 0.97 or an increase 
of 23 per cent over the rate found for normal rats. SLxty-seven adult thiouracil- 
treated rats gave 0.63 or a decrease of 20 per cent from that of the normal rats. 

cojnnsNT 

That the thyroid hormone may cause changes in the distribution of such in- 
organic constituents of the body as calcium and phosphorus was shown by Aub 
el al. (9), when they found that the hormone causes a marked increase of the ex- 
cretion of both phosphorus and calcium. Aoike (10) found an increased concentra- 
tion of inorganic phosphate in the blood of the rabbit associated with the increased 
excretion of phosphorus. Logan, Christensen and Kirklin (ii) found an increased 
excretion of calcium without significant changes in phosphorus in the dog. Robert- 
son (12) found decreased concentration of both serum calcium and phosphorus 
in active untreated thyrotoxicosis in human beings. In our hyperthyroid rats there 
was an increased concentration of inorganic phosphate in the plasma. A similar 
finding has been reported by Greenberg, Fraenkel-Conrat and Glendening (13). 
The more rapid disappearance of injected radioactive inorganic phosphate in the 
hyperthyroid rats than in normal ones is in part explained by the greater dilution 
which occurs in plasma containing an increased concentration of inorganic phosphate. 
Also the increased circulation time and increased rate of excretion of phosphorus 
found in hyperth)Toid animals are undoubtedly contributory factors. Of particular 
interest in this connection is the recent observ^ation of Greenberg, Fraenkel-Conrat 
and Glendening (13), of a large increase in the rate of penetration of inorganic phos- 
phate into the muscle of hyperthyroid animals. 

There is definitely a relationship between the rate of turnover of hepatic phos- 
pholipid and the rate of basal metabolism, since both rates can be elevated or de- 
pressed by the administration of thyroxine or thiouracil. This may be related to the 
oxygen consumption in the liver, since Taurog, Chaikoff and Perlman (14) have 
shown that aerobic conditions are essential for the synthesis of phospholipid from 
radioactive inorganic phosphate in surviving liver slices. 

The validity of the assumption, made for the purpose of calculating the turn- 
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over rate of hepatic phospholipids, that the specific activity of the hepatic inorganic 
phosphates is similar to that of the immediate precursor of the hepatic phospholipids 
is further enhanced by these studies. Pre\dous studies indicated that this method of 
calculation gave constant results when calculated from entirely different curves ob- 
tained after single injections of P^- or after continuous administration of P®- and also 
from 10 different intervals on those curves. The rate of phospholipid turnover in the 
liver of thyroxine- treated animals was found to be greater than normal when cal- 
culated at four different periods after administration of P^® and to be reduced con- 
sistently in thiouracil-treated animals for the three different periods used. 

The specific activity of the liver phospholipids of the thyroxine-treated animals 
was almost identical with tliat of untreated animals at similar time periods after the 
administration of the same amount of P^’-labeled inorganic phosphate. If the rate 
of turnover of phospholipid were estimated from the percentage of the administered 
p 32 -which appeared in the phospholipids, no change from normal would be noted. 
It is obvious that any condition, as in this case an elevation of the inorganic phosphate 
content of the plasma, which alters the specific activity of the precursor would cor- 
respondingly alter the specific activity of any compound formed from that precursor. 
In the thiouracil-treated animals the specific activity of both the inorganic phosphate 
and the phospholipid differed from that found in normal animals; less was in- 
corporated in the phospholipids of the liver from inorganic phosphate of higher 
specific activity. The rate of turnover of phospholipids was therefore less than it 
would be judged to be from the percentage of the administered which appeared in 
the phospholipids. 

The calculation of the turnover rate of plasma phospholipids, based on the as- 
sumption that the average specific activity of the phospholipids of the liver is the 
same as that of the newly formed phospholipids entering the plasma, is of course 
open to question. The specific activity of the newly formed phospholipids of the 
blood may have been very different from that of the average of the liver phospholipids. 
However, the calculated rate of turnover did not vary greatly at different periods of 
these experiments when the changing values would have indicated changing rates if 
any appreciable disparity existed. In view of this consistency, the finding of an 
increased rate after administration of thyroxine and a decreased rate after adminis- 
tration of thiouracil may provisionally be accepted. The calculated rate of phospho- 
lipid turnover in the normal rat of 0.79 should be further checked by calculations 
made after continuous injection of P®* and also by the rate of disappearance of 
labeled phospholipid from the plasma (15). 

SUMMARY 

Data concerning the concentration and specific activity of the liver and plasma 
in organic phosphates and phospholipids were obtained from adult rats at intervals 
after the injection of dibasic sodium phosphate P®^. Because their specified activities 
have a constant relationship over a wide variety of experimental conditions, the 
specific activity of the liver inorganic phosphates appears to be identical with that 
of the immediate phosphate precursor of the phospholipids of the liver. Calculations 
based on this assumption indicate that the rate of phospholipid turnover in the liver 
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is increased in rats wliich have received tliyroxine and decreased in rats which have 
been treated with thiouracil. The rate of turnover of the phospholipids of the 
plasma also appears to be greater than normal in thyroxine-treated rats and less 
than normal in those receiving thiouracil. The rate of phospholipid turnover in the 
liver of young rats is essentially the same as tliat of mature rats but, since the relative 
size of the liver is greater in young rats, more phospholipid is formed in proportion to 
body weight than in the adult. 
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EFFECT OF SUPRATHRESHOLD CHANGES IN 
BRIGHTNESS ON FORM PERCEPTION 

FRANK N. LOW 

From the Department of Anatomy, The Johns Hopkins University 
School of Medicine^ 

BALTIMORE, MARYLAND 

^ ife '^HE detrimental effect of diminishing brightness on seeing during the post- 
■ sunset hours has been generally recognized although not subjected to sys- 
M tematic study. A subjective vagueness occurs during dusk although the 
general level of illumination is suprathreshold. Investigation of dark adaptation (i) 
has dealt almost exclusively with the measurement of the absolute threshold for the 
perception of light, the suprathreshold brightness range not having been studied. 
The investigation here reported was designed to test the effect of suprathreshold 
brightness changes on form perception. 

Variables of experimental procedure were introduced in an effort to reproduce 
the essential conditions under which poor dusk seeing occurs. The approach was 
based on the supposition that the anticipated changes, although occurring at supra- 
threshold levels, were of primarily adaptive nature. Since adaptive processes have 
been recognized to be impaired after exposure to intense brightnesses (2, 3), a regimen 
of preadaptation to bright light was introduced. To simulate field conditions, where 
high contrasts are seldom encoimtered, a set of low contrast test objects was used in 
certain of the experiments. The fact that poor dusk seeing is accompanied by poor 
confidence in having seen correctly suggested the inclusion of a measure of the sub- 
ject’s appraisal of his own seeing ability for comparison with his measured physio- 
logical ability. 


APPARATUS 

Perimeter and test objects. Tests -were made in a wMte cloth testing booth on a 2 s-cm. perimeten 
on which the test objects were illuminated by a 60-watt Mazda daylight bulb. A voltage regulator 
(Sorensen and Co. Model 150) designed to keep the output voltage at 115 with regulation accuracy 
of 0.5 per cent in a recovery time of six cycles (xV see.) on an input voltage of 95 to 125 volts was 
operated in the power line in all experiments. The brightness of the test object was regulated by a 
rheostate and measured with a Macbeth Illuminometer at arbitrarily chosen resistances. During 
experimentation the brightness changes were controlled by setting the rheostat at the measured 
resistances. An arrangement of white hand-operated blind, test object with surrounding white field 
74 mm. square, and white background reflector presented to the subject’s visual field a 60° circular 
patch of uniform brightness, which did not measurably change in brightness as the test object was 
alternately presented and obscured. When the blind was turned for presentation the test object was 
revealed in the center of the 60° field. The test objects were Landolt circles. They were photo- 

Received for publication October 18, 1948. 

^ The work described in this paper was done under a contract between the Office of Naval Re- 
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graphically printed on while background. Notation of their sizes was indicated by the mm. measure 
of the break. Tlic contrast of the test object against the while badiground is conventionally ex- 
pressed as a percentage based on relative brightnesses. Tlic test object could be turned about its own 
center so that the break in the circle pointed in one of four directions; up, down, right or left. 

Aioplalxon booth. A booth 4 feel- 4 feel X 8 feet was constructed for the purpose of light 
adapting the subjects. The inside walls were coaled with magnesium carbonate. The booth was 
illuminated by 16 40-watt daylight fluorescent bulbs. The brightness of the front and side walls at 
sitting height was approximately -f 2.7 log miliilamberts, at standing height +2.8 log millil.amberts. 
During light adaptation the subjects sat in the booth, the silling height brightness level being used 
in this report. 


TECIINIQUE 

The test objects were presented to the subjects for positional identification, the 
subjects’ responses being an indication of the position of the break in the circle. 
WTien the subject answered the blind was returned to tlie obscuring position and the 
test object repositioned for representation. Presentations were made in sequences of 
20 each, there being in each sequence five presentations of each of the 4 possible 
positions. The order of positional presentation was unknovTi to the subject and was 
determined by chance, the operator working from a prepared sheet. The subjects 
responded promptly. Presentations were made unliurriedly at the rate of one se- 
quence of 20 in one minute and 15 seconds. The actual time of each stimulus expo- 
sure was somewhat less than 2 seconds, ^^^^en positional identification was difficult 
by reason of small test object size or low' brightness there was a tendency for the 
subject’s responses to lag, but forced guesses were the requirement. Even under 
these conditions the prescribed speed of presentation was maintained without diffi- 
culty. Special operations such as time notation etc. between consecutive sequences 
were found to require an interval of about 15 seconds which was adopted for routine 
use. ’i’iTien change of brightness was required the rheostat was manipulated imme- 
diately before the first presentation in the new' sequence. With the test object al- 
ready positioned the brightness was changed and the operator’s hand then turned the 
bhnd to make the first presentation. The manipulation of the rheostat required 
about one second, the first presentation followung in less than one second. ^^Tien the 
experiment required a change of test object size before continuing, a longer interx'al 
than 15 seconds was found expedient. A half minute was usually allotted but this 
varied somewhat. 

The subject was required to state his confidence in having given the positional 
identification correctly. After each group of 4 presentations (every 15 sec.) the 
subject was asked, “How many?” His answer, from o to 4, covered the foregoing 4 
presentations and gave the number of responses which he was certain he had gotten 
right. 

A single sequence, comprising 20 presentations, w’as adopted as the unit of scoring. 
The responses to stimulus presentation are a measure of physiological efficiency and 
are referred to in this report as the ‘performance’. The number of correct answers 
are totaled for each sequence and are converted to a percentage by multiplying by 
five. In this form the percentile performance scores are not a direct measure of the 
subject s ability since there is i chance in 4 that any response might have been correct 
by chance. Therefore the percentile performance scores have been corrected as 
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follows; P(cor) — (P(nncor) “ 2$)/ys X loo wlicfc P^rar) rcprcsents tlic corrected per- 
formance score and P(uncor) the uncorrected performance score. Tiie rationale of this 
correction is illustrated by the following example. Suppose that a subject's true 
frequency of seeing is known to be 60 per cent. Then the remaining 40 per cent of 
presentations will have one answer in four correct by chance or 10 per cent of the total. 
The uncorrected perfonnance score will be 60 -j- 10 = 70 per cent, which corrects b}’’ 
the above formula to the true value. The responses covering certainty of having seen 
correctly are a measure of the subject’s conscious sensory experience and are referred 
to in this report as the ^confidence.’ The confidence scores have been similarly con- 
verted to percentages for each sequence, but they need no correction because the}' 
possess no element of chance. After the perfonnance scores have been corrected 
they are directly comparable to the confidence scores. In this report all scores are 
reported as percentage frequency of seeing, usually for a sequence of 20 presentations 

PROCEDURE 

Areas far removed from the line of central vision are best suited to investigations 
involving brightness changes for the significant reason that photopic and scotopic 
acuity are nearly the same 30° or more peripherally (4, 5). The writer’s premous 
measures of photopic and scotopic form acuity at 30° and 60° peripherally have shown 
them to be related as 7 is to 5, the former being the stronger (6). Therefore, in the 
whole range of possible brightnesses the form acuity ought to vary only slightly if at 
all for the different levels, providing the eye has had time to adapt to the new bright- 
ness. 'riiis circumstance should facilitate the interpretation of any changes observed, 
since it has eliminated the possibility of there being greatly different acuities for the 
different brightnesses used. 

Preliminai}' experiments were performed during the development of tlie tech- 
nique. Since the number of subjects was small these e.\periments are not reported 
in detail. The results indicated that a one-half log unit sudden diminution of bright- 
ness does not measurably depress peripheral form perception at 30° and 45° peripherally 
at brightnesses from -1-0.8 to — r,6 log mn. At lesser brightnesses both confidence 
and performance are depressed although tlic absolute threshold is not passed. Differ- 
ential threshold curves based on different-sized test objects are sigmoid and as}miptote 
at o per cent and 100 per cent after proper correction of the performance scores. 

It was considered to be of interest to demonstrate changes in form perception 
following suprethreshold brightness diminution at as high a level as practical to em- 
phasize the occurrence of the phenomenon at the higher levels of brightness. A series 
of 12 experiments, described in table i, wjis performed on a group of 11 subjects. 
Among these experiments are two groups of three experiments each, the first group 
being performed with low contrast (27%) lest objects 45° peripherally (expts. i, 2, p) 
and the second with high contrast (97%) test objects 30° peripherally (expts. 3, 4, 10). 
In these experiments the effect of a suprathreshold brightness diminution of 2.8 log 
units was tested with identical technique under the three following conditions of 
adaptation, a) no preadaptation, b) preadaptation to -I-2.7 log mn. for if hours and 
c) preadaptation to -fa. 7 log me. for if hours with pupils dilated by 5 per cent 
euphthalamine 15 minutes before the preadaptation began. The largest test object 
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was used first, the subjects receiving one series of 20 presentations at -+-1,2 log mt., 
then a second sequence at —1,6 log mn. and finally a tliircl sequence at the original 
brightness. Then after an interval of about one-half minute the procedure was re- 
peated with a smaller test object and finally with the smallest. 

Experiments 5 and 6 with 27 per cent contrast and 7 and 8 with 97 per cent con- 
trast provided differential threshold curves for peripheral form perception in the fully 
adapted eye at the two levels of brightness used in the experiments above, -f-1.2 and 
— 1.6 log iivL. At the higher level no preadaplation was considered necessary, but 
in experiments 6 and 8 wliich were conducted at — i .6 mn. the subjects wore Navy dark 
adaptor goggles for one-half hour previous to the test and were not exposed to greater 
brightnesses in the interim. Test objects were presented for one sequence each in 


Table r. Data for series of experiments 


EXPT. 

KO. 

ANGLE 

DEV. 

TEST OBJECT SIZE 

TEST 

OBJECT 

CONTRAST 

TEST OBJECT 
BRlCimCESS IN 
LOG mL 

1 rsxpAKA’nox or sunB;CTS 

I 

45“ 

4, 3, 2 

27% 

4-1.2 and —1.6 

|- 

None 

2 

45 “ 

4 , 3 . 2 

27% 

■4-1.2 and —1.6 

hrs. at -f 2.7 log mL. 

3 

30° 

2> 1) 2 

97% 

-1-1.2 and —1.6 

None 

4 

30“ 

1 a 

97% 1 

4-1.2 and —1.6 

hrs. at 4-2.7 log mL. 

s 

i 4 S' 

1 <5. 5. 4 3, 2 

27% 

4*1.2 

None 

6 

45 ° 

1 6, s, 4, 3, 2 

27% 

— 1.6 

Dark adapted 1 hr. withNavy 
goggles 

7 

30° 

22 ) 2 , lli, I, 1 

97 % ' 

- 1 - 1.2 ' 

None 

8 

30“ 

2I, 2 , li, I, { 

97 % ; 

— 1.6 

Dark adapted J hr. with Navy 
goggles 

9 

45 ° 

4 ) 3 ) 2 

27% 

4-1.2 and —1.6 

Pupils dilated: i-J hrs. at -I-2.7 
log mL. 

10 

30° 

5 T 1 

2 j 

97 % 

-1-1.2 and —1.6 

Pupils dilated: if hrs. at 4-2.7 
log mL. 

II 

30° 

2 

97 % 

4-1.2 and —1.6 

None 

12 

30° 

2 1 

1 

97 % 

-1-1.2 and — 1.6 

Pupils dilated: if hrs. at 4-2.7 
j log mL. 


order of descending size. The test object contrast and angular deviations were the 
same as in the remainder of the experiments. 

Experiments ii and 12, utilizing the same brightness diminution as other experi- 
rnents, were designed to measure the duration of the observed perceptual changes. A 
single high contrast (97%) test object, size 2, was used 30° peripherally. The subject 
received one sequence at 4-1.2 log mn. followed by 10 sequences at —1.6 log mu., 
after which the original brightness was restored for one sequence. The subjects were 
not preadapted in experiment jj, but in experiment 12 were light adapted at 4“2.7 log 
mn. for if hours with dilated pupils. 

The group of ii subjects who took the above 12 tests, with one exception (the 
VTiter), were students at The Johns Hopkins University. No attempt was made to 
select them for any reason other than convenience of schedule. Each subject re- 
ceived an exanimation by a practicing ophthalmologist. No ocular pathology other 
than mud routme optical defects was discovered. 
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RESULTS 

Figure i illustrates tlie effect of altered brightness on the form perception of low- 
contrast (27%) test objects presented 45° peripherally on the horizontal meridian. 
The solid cross bars represent the mean corrected performance scores in 11 subjects 


SIZE 4 SIZE 3 SIZE 2 



Fig. I. ErrECX or changing brightness on peripheral form perception. Average scores of ii 
subjects are expressed as the percentile frequency of seeing in sequences of 20 consecutive stimulus 
presentations over i min. 15 sec. The tests -were made at 45° on the horizontal meridian of the right 
eye. Test objects were Landolt circles of 27% contrast with breaks of 4 mm., 3 mm. and 2 mm. 
Testing intervals between test object sizes were about J min. each. Solid cross bars represent the 
actual frequency of seeing; dashed cross bars, the subject’s certainty of having given correct re- 
sponses. Experiments began § min. after the end of the light adaptation period. Order of testing 
progresses from left to right and top to bottom. 

for each sequence. The dashed cross bars similarly represent the confidence. The 
performance is depressed by brightness diminution from + 1*2 to — 1.6 log mL. for all 
test object sizes and adaptive conditions used. I^dien the original brightness was 
restored the scores returned to approximately the original level. The loss was greater 
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when tlie subjects had been previously light-adapted with normal pupil and still 
greater after light adaptation with pupils dilated. The statistical significance of the 
difference between tlie scores at -{-1.2 log mi,, and those at —1.6 log mn. was checked 


SIZE 2 SIZE I SIZE '/z 



Fig. 2. Efi-ect of cnAN’Gr.VG BPJGHT^^: 5 S on peripheral form perception. Average scores of ii 
subjects are expressed as the percentile frequenej' of seeing in sequences of 20 consecutive stimulus 
presentations over i min. 15 sec. The tests rvere made at 30° on the horizontal meridian of the right 
Test objects were Landolt circles of 97% contrast with breaks of 2 mm., i mm. and ^ mm. 
Testing intervals between test object sizes were about min. each. Solid cross bars represent the 
actual frequenc}' of seeing; dashed cross bars, the subject’s certainty of having ^ven correct responses. 
Experiments began J min. after the end of the light adaptation period. Order of testing progresses 
from left to right and top to bottom. 


by small sample theoty formulae (7, p. 59). The first group represented in figure i 
(size 4, no adaptation) has means that are significant at the 2 per cent level of confi- 
dence. All of the rest are significant at the one per cent level of confidence. The 
scores were analyzed to determine whether or not the performance loss in eyes light- 
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adapted with dilated pupils was significantly greater than the loss sustained by the • 
same subjects when unadapted. In other words, did the light adaptation produce a 
significantly greater effect? The increase in the depression of the form perception was 
significant at the one per cent level of confidence with test objects 4 and 3 and at the 2 
per cent level for size 2. The mean confidence scores are somewhat less than the 
mean performance scores and do not show any independent trend. 

Figure 2 illustrates the effect of changing brightness on tlie form perception of 
high contrast (97%) test objects presented 30° peripherally on the horizontal merid- 
an. Here again, losses have occurred from diminished brightness in all cases. Tlie 
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Fitr. ^ Dukahon of effect of changing brightness on peripheral form perception. Average 

scores of ii subjects are expressed ^ meridSn of die right 

presentations over I min. IS sec. The tests were maae a 3 Dots and solid 

of the light adaptation period. The curves are drawn bj^ inspection. 

differences between the performance scores at +1.2 log mL. and 1.6 ^ 

significant at the one per cent level of confidence, most of thent peatly the 

minimal difference required. The results differ from those obtained wifli 1 ™ ™n- 
trast (27%) test objects in that the losses observed after hght 
greater, are not as marked. Statistical analysis of the mcrease m ^ 8 

adaptation with dilated pupil over that observed in unadapted eyes ^ 

not significant. Tlie confidence scores show a tendency to separate from the perform- 

ance scores in the later experiments. _ , 

Figure 3 presents the mean scores of ii subjects m expenmenis ii and ra w hich 



4i6 


FRANK N. LOW 


Volume 155 


measured the duration of the effect of diminished brightness on form perception. 
The second sequence, that immediately following the brightness diminution, is broken 
down into five 15-second intervals because of the rapid changes taking place. There 
was little loss and rapid recovery of both performance and confidence when the sub- 
jects had received no adaptation. WTien the subjects had been light-adapted v/ith 
dilated pupils both performance and confidence losses were measurably greater and 


RIGHT EYE, 45*. HORIZONTAL MERIDIAN, LOW CONTRAST 
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RIGHT EYE, 30*, HORIZONTAL MERIDIAN, HIGH CONTRAST 



Fig. 4. Difperentiai. thkeshold curves lor peripheral form perception. Average scores of 
1 1 subject are expressed as the percentile frequency of seeing in sequences of 20 consecutive stimulus 
presentations over i min. 15 sec. Test objects were Landolt circles, the size of which is indicated b}' 
the min. measure of the break. Dots and solid curves represent the actual frequency' of seeing; the 
crosses and dashed curves, the subject’s certainty of having given correct responses. The curves are 
drawn by inspection. 


the recovery slower. The confidence seems to lag somewhat, a slight residual effect 
being noticeable as long as the low brightness was continued. 

Figure 4 presents differential threshold curves for peripheral form perception in 
the same group of ii subjects. The differential threshold is quite wide, extending 
from approximately J to 2 with the high contrast test objects, a fact which facilitates 
the transference of frequency of seeing losses into acuity measures as discussed in a 
later section of this paper. The confidence scores occupy a position just below the 
performance cur\'^es, which is interpreted as the proper relative value wherever fre- 
quenc}’- of seeing is not perfect. 
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DISCUSSIO^’■ 

Statistically significant losses in form perception have been observed in response 
to suprathresbold diminution of brightness under all of the experimental conditions 
that have been systematically investigated. The phenomenon has been observed in 
all subjects, without individual exception. 

Certain differences between the results at 45° with low contrast (27%) test 
objects and those at 30° with high contrast (97%) test objects are evident. The 
former show losses in response to diminished brightness which increase significantly 
as the subject’s exposure to bright light increases. A lesser increase occurred with the 
high contrast (97%) test objects but was not statistically significant. Although the 
reason for this difference is not clear, it is interesting to note that the low contrast 
test objects represent a closer approach to field conditions and probably afford a better 
reflection of practical function. 

The differential threshold curves in figure 4 give die performance and confidence 
scores to be expected for the experimental conditions represented in figures x, 2 and 3, 
except for the state of adaptation. In figure 4 the eyes have been adapted to tlie 
lower brightness. The level to which any performance or confidence ought to drop 
because of lesser efficiency at a dimmer illumination is indicated by these curves. 
The means in figures i and 2 and the readings on the differential threshold curves of 
figure 4 are almost tlie same for the higher brightness for sizes where tlie frequency 
of seeing is high. The frequency of seeing for the same test object size at the lower 
brightness in figure 4 is nearly the same, indicating a similar anticipated performance 
at the lower brightness. In spite of this there is a marked drop in frequency of seeing 
upon diminished brightness when the eye is not adapted to the lower brightness. For 
example, in figure i, size 4, after adaptation at +2.7 log mL. for if hours with pupils 
dilated the performance loss of from 98 per cent to 30 per cent greatly exceeds that 
indicated by the differential threshold curves. On the latter the loss does not exceed 
5 per cent. The performance losses exceed the anticipated losses in all cases and 
suggest a temporary impairment, likely of adaptive nature. 

The above suspicion is largely confirmed by the experiments reported in figure 3, 
which measured the duration of the perceptual loss and graphed its recovery to the 
anticipated value. When no adaptation preceded the experiment the loss was small 
and the recovery rapid, being complete in about minutes. The same technique 
following light adaptation with dilated pupils resulted in a greater loss which took 
about four times as long to recover. These curves clearly indicate the adaptive 
nature of the changes- In both experiments represented in figure 3 the frequency of 
seeing returns almost to the level for -hr. 2 log mL. while the brightness is still at 
- 1.6 log mL., a circumstance predicted by the differential threshold curves of figure 4. 

An estimate of changes in acuity can be made from data presented as frequency 
of seeing. When brightness is diminished the frequency of seeing falls to a level 
characteristic of a smaller test object. By assuming that the test object size indi- 
cated by the lowered frequency of seeing is to the test object size actually used as the 
latter is to the size required for comparable performance under the new conditions, a 
measure of the loss in terms of test object size can be calculated. Tlie data in figure 
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3 for the first 15 seconds at —1.6 log mi., after light adaptation with pupils dilated 
will serv-^e as an ex'ample. At the higher brightness frequency of seeing was g8.8 per 
cent, only to drop to 30 per cent upon diminished brightness for the 15-second interval 
mentioned above. By reference to figure 4 it will be seen that 30 per cent frequency 
of seeing is normally given by size h (approx.). Then, is to 2 as 2 is to x; size 8 
would be required for tlic original frequency of seeing during the first 15 seconds of 
the lower brightness. Since the stated test object size is the linear measure of the 
break in the circle, the areas of the two test objects arc related as i is to 16. It then 
follows that, other conditions being the same, a retinal area 16 times the size of that 
originally stimulated would be required for responses of equal efficiency. The recov- 
ery process equates the sizes in about six minutes, when the acuity has reached the 
fully adapted level. An effect of comparable magnitude but probably of longer 
duration is evident with low contrast (27%) test objects of sizes 4 and 3. In figure i 
after light adaptation both with and without dilated pupils the frequencies of seeing 
losses were comparable. Tiiese scores cover the mean performance during the first 
1-4- minutes in the low brightness as compared to the first 15 seconds in the cited 
example. This method of deriving relative acuity from frequency of seeing, although 
crude with the present technique and data, serves to indicate the magnitude of the 
changes in terms convertible into accepted expressions of visual acuity. 

The brightnesses used were purposely chosen at levels above those customarily 
associated with adaptive phenomena. The lower brightness, — 1.6 log mL., is supra- 
threshold for both rods and cones according to the data of Hecht (i) and Winsor and 
Clark (2) for the unadapted eye. This was confirmed subjectively among the present 
group of subjects and held true even after the light adaptation. Nevertheless the 
results are clearly of an adaptive nature. They closely resemble the gradual develop- 
ment of form acuity during the process of dark adaptation previously reported by the 
writer (8) for lower brightnesses. In this previous study unadapted subjects were 
suddenly deprived of light e.xcept for that from the test object illuminated at a low 
scotopic level. The time required for them to perceive the light on the test object 
was recorded and represented attainment of the absolute threshold for that bright- 
ness. Then their peripheral form acuity was measured by a limiting method requir- 
ing 80 to 100 per cent frequency of seeing. The form acuity was found to develop 
gradually to its maximal level in from 2 to 17 minutes after light was perceived. The 
responses of the present experiments probably represent an e.xpression of the same 
phenomenon except that the brightnesses used are higher and never cross the abso- 
lute threshold. The maintainance of brightness within suprathreshold levels does 
not prevent the deterioration of form perception. 

Interpretation of the results reported here should not be restricted to the retinal 
areas actually tested. Comparable effects should be expected to occur in all portions 
of the retina and should be anticipated in terms of the adaptive characteristics of the 
area in question and the adaptive state of the individual. No data can be offered at 
present concerning the upper limit of brightness at which significant deterioration of 
form perception can be produced, but it is probable that it occurs at higher bright- 
nesses than those at which it has already been detected. The cumulative effect of 
regular exposure to sunlight already reported by Hecht (3) and the greater effect 
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after preadaptation to bright light reported here encourage such a view. The bright- 
ness of the preadapting light used in the present experiments is scarcely an approach 
either in brightness or duration to that experienced by individuals living an outdoor 
life in sunny weather. In such individuals in whom the absolute threshold has been 
raised with concomitant sluggish adaptation, the diminishing brightness of the post- 
sunset hours may well approach tlie absolute threshold closely enough to produce 
significant deterioration of form perception while considerable subjective brightness 
still persists. The losses are primarily adaptive ones which can and doubtless do 
occur at levels of brightness higher than those currently associated with adaptive 
phenomena. 


SUMMARY 

The effect of sudden supra threshold diminution of brightness from 1.2 log mn. 
to —1.6 log mL. on peripheral form perception was measured in ii subjects. The 
above brightness diminution causes a loss in frequency of seeing which is significant 
at the one per cent level of confidence with both high contrast (97%) and low contrast 
(27%) test objects. The loss due to diminished brightness is significantly greater 
after the eyes have been preadapted to a brightness of +2.7 log mn. with dilated 
pupil when low contrast (27%) test objects are used. When high contrast (97%) 
test objects are used the loss is greater after preadaptation as above but not signifi- 
cantly so. 

The duration as well as the extent of the loss is increased by preadaptation to 
^~2.7 log mL. with pupil dilated. The subject’s confidence in having seen correctly 
under these conditions is somewhat less than the actual seeing ability but maintains 
a fairly constant relation to it. The changes observed are of a primarily adaptive 
nature and are not traceable to different acuities for different brightnesses. 
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^ i question as to whether an exchange of ox3'^gen and carbon dioxide 

I occurs across the mucous membranes of the respiratory dead space has 
concerned physiologists for many years. Henderson believed that carbon 
dioxide diffuses across the mucous membrane of the bronchial tree because he noted 
that the ratio of carbon dioxide output to oxygen consumption (RQ) in expired air 
is greater than in alveolar air (i). Subsequently, it was demonstrated bj’^ gas 
equilibration studies carried out over several minutes that carbon dioxide and 
oxygen can diffuse across the mucous membrane of the oral portion of the respiratory 
dead space (2). 

Haldane and Priestley (3) and Krogh and Lindhard {4) did not believe that gas transfer ocairrcd 
in the respirator>' dead space, Haldane and Priestley postulated that the difference between the 
respiratory quotient of expired and alveolar air is due to unequal ventilation of the alveolar ducts 
and atria of the lungs and to a greater rate of diffusion of carbon dioxide than oxj'gen through tis- 
sues (3), whereas Krogh and Lindhard ascribed it to errors inherent in the Haldane-Priestley method 
of collecting alveolar air (5). Neither of these views has been established (6-8). However, in 
calculating the various pulmonary air fractions it has been generally assumed that gaseous exchange 
does not occur in the respiratory dead space. 

The studies to be reported were undertaken to ascertain by direct measurement 
whether rapid transfer of o^gen and carbon dioxide occurs in the respiratory dead 
space and if so what bearing it might have on aspects of pulmonary function cal- 
culated from analyses of expired and alveolar air. 

METHODS 

The studies were carried out in 2 healthj'^ adults at rest in a recumbent posture 
one to two hours following breakfast. A small rubber catheter with two holes, 
each 3 mm. in diameter wdthin 2 cm. of the distal end, was threaded through one 
nostril until the distal hole was visible just below the uvula. A standard metal 
three-way stopcock inserted into the proximal end of the rubber catheter served to 
join it to a mercury gas sample tube evacuated to approximately 40 cc. and to a 
20-cc. luer-lok syringe filled with room air. The nostrils were occluded securely 
with a nose clip. With a rubber mouth piece in place, the subject inhaled room 
air and exhaled into a Tissot spirometer. The rate and depth of respiration were 
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recorded on an ink-writing drum attached to the spirometer. During the inspira- 
tion just preceding the collection of an air sample the catheter, which had a capacity 
of 2 cc., was flushed with 15 cc. of room air from the sjuringe attached to the three- 
way stopcock. At the moment when the subject completed the inspiration he was 
ordered to hold his breath and perform a Valsalva maneuver. At the same time he 
occluded the open end of the rubber mouth piece with his tongue. These maneuvers 
assured collection of air samples from the supraglottic portion of the respiratory 
dead space. Air samples were then collected in the evacuated mercury tube either 
immediately (within i or 2 sec.) or at any desired inter\^al up to 40 seconds. In 
several instances air samples were gently drawn in four 10 cc. portions into an air- 
tight syringe and transferred to a mercury tube to learn whether the strong suction 
exerted by the evacuated mercury tube introduced a source of error. 

The momentary pause in respiration, necessitated by the collection of air from the 
supraglottic portion of the respiratory airway, did not alter the pattern of respiration 
during the few minutes that it was recorded immediately thereafter. In 1 1 instances 
expired air was collected for approximately three minutes prior to collection of the 
supraglottic air sample and for three to four minutes thereafter. 

Gas samples were analyzed in duplicate in a Haldane analyzer and results were 
compared with the composition of room air, which was found to contain consistent^ 
20.93 ^ °-°4 volumes per cent oxygen and 0.03 ± 0.03 volumes per cent carbon 
dioxide. The room was well ventilated with outdoor air. 

RESULTS 

A definite but small rise in carbon dioxide tension and fall in oxygen tension of 
inspired room air occurs in the supraglottic portion of the respiratory dead space, 
when the breath is held for one to two seconds after the end of inspiration while the 
subject performs a Valsalva maneuver (table i). The average rise in carbon diox- 
ide tension in 30 observations was 3.7 mm. with a standard deviation of 1.8 mm. 
Hg. The average fall in oxygen tension for a similar number of obser\'ations was 
3.7 mm. Hg, with a standard deviation of 2.3 mm. Hg. The close agreement be- 
tween the results obtained from analysis of air samples drawn in one 40-cc. portion 
into an evacuated mercury tube and those of similar volume drawn by syringe in 
10 cc. portions indicates that with the former method, which was used in most 
instances, air was not drawn from poorly ventilated stagnant areas. Vdien the 
breath is held for progressively longer periods, the proportion of carbon dioxide 
increases at a nearly steady rate whereas all of the decrease in the proportion of 
oxygen appears to occur within at most 10 seconds (fig. i). Though there is con- 
siderable daily variation in the rate of exchange of these gases for similar periods of 
breathholding, the trend is consistent and it is not related to the depth of breathing, 
minute volume of respiration or respiratory quotient based on analysis of expired 
air. 


DISCUSSION 

Analyses of air samples drawn from the respiratory dead space at the end of either 
inspiration or expiration should indicate whether or not the dead space is an inert 
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Table i. Data coxcerxVlvg studies ox exchange of carbon dioxide and oxygen in the 

SDPRAGLOTTIC PORTION OP THE RESPIR.\TORY AIRWAY WITHIN I TO 2 SECONDS AFTER THE END 

OF INSPIRATION 


OBSKP-VA- 

TION* 

TIDAL 

AIE* 

\XKnl.A- 

TION 

BATE' 

SUPRAGLOTTIC AIR 

KXPTRED AIR 

1 

1 P-Q 

\ 

! 

1 

COj 

0; , 

pCOj j 

pO; 

CO3 

Oj 

Content 

Rise j 

Fall 

Content i 


CC . 

I/ir.in. 

wJ 

% 

mm. 


Tol 



I 

401 

6.4 

0.57 

20.49 

3-9 

3.0 

3-87 1 

16.88 

-94 

2 

352 

8.5 

0.53 

20.45 

3-<5 

3-4 

3-3Z 

17-39 i 

■93 

3 

374 

8.6 

0.77 

20. 29 

5-3 

4.3 




4 

470 

5-2 

0.34 

20.59 

2,2 

2.5 

4 .r 5 

16.43 i 

.go 

5 

570 

5-1 

0.23 

20.80 

1.4 

0.7 




6 

410 

3-3 

0.43 

20.65 

2.8 

1.8 




7 

285 

4.6 

0.33 

20.63 

2.2 

^ 2.2 

3-35 : 

17-22 i 

.90 

8 

280 

3-9 

0.42 

20.56 

2.8 

2.6 



1 

9 

642 

6.4 

0.57 

20.47 

3-9 

3-1 



1 

10 

708 

5-7 

0.30 

20.64 

2.0 

2. 2 

4-06 j 

16.29 

1 -84 

XI 

764 

5-3 

0.72 

20.19 

j 4.9 

5-4 

3-99 

16.01 

1 -77 

12 

821 

5-7 

0.44 

20.49 

2.9 

3-2 

1 

I 

i 

13 

622 

5-0 

0.35 

20.66 

2.3 

1.9 

i 



14 

697 

5-^ 

0.37 

20.60 

2.4 

2-3 

! 4.16 

16.17 

i .84 

15 

693 

4.9 

0.28 

20.71 

1.8 

1-5 




16 1 

662 

5-3 

0.28 

20.66 

1.8 

2,0 

i 


1 

17 

526 

4-7 

0.30 

20.71 

1.9 

1-5 



! 

18 

68r 

6.1 

0.19 

20.75 

i.i 

1.3 


i 

1 

1 

19 

880 

7.0 

0.98 

19.95 

6.8 i 

7.2 

3-55 

16.91 i 

i .85 

20 

680 

4.1 

0.94 

20.00 

6.6 

6.7 



1 

21 

870 

4.4 

0.74 

20.27 

5-1 

4-7 



1 

22 

740 

5-2 

0.86 

20.01 , 

6.0 

6.9 j 

3-94 

16.14 

-78 

23 

750 

5-3 

1. 19 

19.56 

8.3 

10.3 




24 

880 

6.2 

0.53 

20.42 

3-6 

3-7 j 

3-70 

16.68 

-S3 

25 

864 

5-2 

0.37 

20.59 

2.4 

2.4 




26 

896 

5-4 

0.53 

20.39 

3-6 

3-9 




27 

670 

4.0 

0.56 

20.36 

3-8 

4.1 




28 

838 

5-0 

0.80 

20.00 

5-5 

7.0 




29 

902 

6-3 

0.33 

20.67 

2.1 

1.9 


1 


30 

948 

6.5 

1. 12 

19.71 

7.8 

8-7 

1 

3-79 

16.58 

-83 

Averace 

3-7 

3-7 


Standard Deviation 

1 

1.8 

2-3 



* Expressed at body temperature, ambient pressure, saturated. 

' Calculated from inspired air containing 20.93 + 0.04 vol. % O2 and 0.03 + 0.03 vol. % CO; at 
vailing barometric pressure less aqueous tension, 47 mm. Hg. 


conduit. Collection of a sample of air at the end of inspiration offers however a 
better standard of comparison (inspired room air) than does expiration (expired 
air). 

It seems likely that the gas exchange occurs across the mixed glandular secretions 
v,hich bathe the supraglottic area. By far the greatest portion of the secretions 
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comes from the salivary glands. It has been demonstrated that the nitrogen (9) 
and carbon dioxide content of saliva reflect closely the level of these gases in blood, 
that mixed saliva generally has a pK of 6.5 to 6.8 and that it contains oxygen (10). 
The circumstances most favorable for transfer of these gases, between the layer of 
mixed secretions and the air in the respiratory airway, would appear to be present 
at the end of inspiration when the tension of carbon dioxide in the airway is at its 
lowest level and the tension of oxygen is at its highest. 

These studies establish what had previously been inferred by Henderson concern- 
ing output of carbon dioxide into the respiratory dead space (i). They also demon- 
strate that oxygen uptake of approximately the same magnitude as carbon dioxide 



Fig. I. Gas exchange insu- 
praglottic portion of respiratory air- 
way. Average tension values for 
breathholding are based on serial 
determinations carried out on dif- 
ferent days. There were 6 ob- 
servations at 1-2 sec., 5 at 10, 20 
and 30 sec. and 4 at 40 sec. The 
range of values in mm. Hg of 
carbon dioxide and oxygen tension 
respectively was: at 1-2 sec., 1.7- 
2.8, 1. 5-2.9; 10 sec., 3. 7-5.9, 
2 * 9 - 5 * 3 ; 20 sec., 4.5-7.!, 2. 7-5.9; 
30 sec. 5.0-8.4, 2. 2-6.7; 20 sec., 
6. 5-6.9, 2. 1-5. 1. 


output occurs in the supraglottic portion of the respiratory dead space during quiet 
respiration. The transfer of these gases cannot, therefore, account for a difierence 
between the respiratory quotient as measured in expired and alveolar air since the 
ratio of exchange is approximately one. 

An average rise in carbon dioxide tension and fall in oxygen tension of 3.7 mm. 
Hg occurs in the supraglottic portion of the respiratory airway (table i). It is 
generally believed that in healthy subjects at rest, the carbon dioxide tension of 
mspired air rises 40 mm. Hg (from o to 40 mm. Hg) and ox>’-gen tension of inspired 
air falls 50 mm. Hg (from 150 to 100 mm. Hg) in the alveoli. This fraction repre- 
sents approximately 9 per cent of the total carbon dioxide output and 7 per cent of 
the total oxygen consumption of the total gaseous exchange in the lungs. 
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Table i. Data concerning studies on exchange of carbon dioxide and oxygen in the 

SUPRAGLOTTIC PORTION OF THE RESPIRATORY AIRWAY WITHIN I TO 2 SECONDS AFTER THE END 

OF INSPIRATION 


OBSERVA- 

TION 

TIDAL 

AIR' 

V'EKTILA- 

TIO!J 

RATE' 

SUPRAGLOTTIC AIR i 

EXPIRED AIR 

RQ 

COj 

0 . 1 

pCOj 

pOj 

COi 

Oi 

Content 

Rise 

Fall 

Content 


CC. 

I/win. 

«/. % 

fnm. 


lol.Vc 




6.4 

0-57 

20.49 

3.9 

3.0 

3-87 

16.88 

-94 



8.5 

0-53 

20.45 

3.6 

3-4 

3.32 

17.39 

•93 



8.6 

0.77 

20.29 

5.3 

4.3 




4 

470 

5.2 

0.34 

20.59 

2.2 

2-5 

4.15 

16.43 

.90 

5 

57 ° 

S-i 

0.23 

20.80 

1.4 

0.7 




6 

410 

3-3 

0.43 

20.65 

2.8 

1.8 




7 

285 

4.6 

0.33 

20.63 

j 2.2 

2,2 

3-35 

17.22 

.90 

8 

280 

3-9 

0.42 

20.56 

2.8 

2 .6 



I 

9 

642 

6.4 

0.57 

20.47 

3-9 

3-1 




10 

00 

0 

5-7 

0.30 

20.64 

2.0 


4.06 

16.29 

i .84 

II 

764 

5-3 

0.72 

20.19 

4-9 

5.4 

3-99 

16. or 

•77 

12 

821 

5-7 

0.44 

20.49 

2.9 

3.2 



1 

13 

622 

5-0 

0.35 

20.66 

2.3 

1.9 


i 


14 

697 

5-6 

0.37 

20.60 

2.4 

2.3 

4.16 

16.17 j 

.84 

IS 

693 

4.9 

0. 28 

20.71 

1.8 

1-5 


1 i 


16 

662 

5-3 

0.28 

20.66 

1.8 

2.0 




17 

526 

4-7 

0.30 

20.71 

1.9 

1-5 




18 

681 

6.1 

0.19 

20.75 

1. 1 

1.3 




19 

880 

7.0 

0.98 

19-95 

6.8 

7.2 

3-55 

16.91 

.85 

20 

680 

4.1 

0.94 

20.00 

6.6 

6.7 



1 

21 

870 

4.4 

0.74 

20.27 

5.1 

4.7 




22 

740 

5-2 

0.86 

20.01 

6.0 

6.9 

3-94 

16.14 

.78 

23 

750 

5-3 

1. 19 

19-56 

8.3 

10.3 




24 

880 

6.2 

0.53 

20.42 

3-6 

3-7 

3-70 

16.68 

.83 

25 

864 

5-2 

0.37 

20.59 

2.4 

2.4 




26 

896 

5-4 

0.53 

20.39 

3-6 

3.9 



1 

27 

670 

4.0 

0.56 

20.36 

3.8 

4.1 


, j 


28 

838 

5-0 

0.80 

1 20.00 

5-5 

7-0 i 




29 

902 

6.3 

0.33 

1 20.67 

2.1 

1-9 




30 

948 

6.5 

1 .12 

I 19-71 

7.8 

8.7 

3-79 

1 

16.58 1 

.83 

Average 

3-7 

3'7 

i 

i 

Standard Deviation 

1.8 

» 

i 2.3 



^ Expressed at body temperature, ambient pressure, saturated. 

" Calculated from inspired air containing 20.93 4^0.04 vol. % Oj and 0.03 + 0.03 vol. % CO2 at 
vailing barometric pressure less aqueous tension, 47 mm. Hg. 


conduit. Collection of a sample of air at the end of inspiration offers however a 
better standard of comparison (inspired room air) than does expiration (expired 
air). 

It seems likely that the gas exchange occurs across the mixed glandular secretions 
w’hich bathe the supraglottic area. By far the greatest portion of the secretions 


t 


'i 
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comes from the salivary glands. It has been demonstrated that the nitrogen (9) 
and carbon dioxide content of saliva reflect closel)’- the level of these gases in blood, 
that mixed saliva generally has a pH of 6.5 to 6.8 and that it contains oxygen (10). 
The circumstances most favorable for transfer of these gases, between the layer of 
mixed secretions and the air in the respiratory airway, would appear to be present 
at the end of inspiration when the tension of carbon dioxide in the airway is at its 
lowest level and the tension of oxygen is at its highest. 

These studies establish what had pre\nously been inferred by Henderson concern- 
ing output of carbon dioxide into the respiratory dead space (i). They also demon- 
strate that oxygen uptake of approximately the same magnitude as carbon dioxide 



Fig. I. Gas exchange insu- 
praglotticportion of respiratory air- 
way. Average tension values for 
breathholding are based on serial 
determinations carried out on dif- 
ferent days. There were 6 ob- 
servations at 1-2 sec., 5 at 10, 20 
and 30 sec. and 4 at 40 sec. The 
range of values in mm. Hg of 
carbon dioxide and oxygen tension 
respectively was; at 1-2 sec., 1.7- 
2.8, 1.5-2.9; 10 sec., 3.7-S-9 j 
2 - 9 " 5 ' 3 ; 20 sec., 4.5-7.1, 2.7-5.9; 
30 sec. s.0-8.4, 2.2-6.75 20 sec., 
6.5-6.9, 2.1-5.1. 


output occurs in the supraglottic portion of the respiratory dead space during quiet 
respiration. The transfer of these gases cannot, therefore, account for a difference 
between the respirator}’^ quotient as measured in expired and alveolar air since the 
ratio of exchange is approximately one. 

An average rise in carbon dioxide tension and fall in oxygen tension of 3.7 mm. 
Hg occurs in the supraglottic portion of the respirator}’’ airway (table i). It is 
generally believed that in healtliy subjects at rest, the carbon dioxide tension of 
inspired air rises 40 mm. Hg (from o to 40 mm. Hg) and ox}’gen tension of inspired 
air falls 50 mm. Hg (from 150 to ico mm. Hg) in the alveoli. This fraction repre- 
sents approximately g per cent of the total carbon dioxide output and 7 per cent of 
the total oxA'gen consumption of the total gaseous exchange in the lungs. 
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Thestudiesduringbreathholdingbringouta distinct difference between exchange 
of carbon dioxide and oxygen (fig. i). Carbon dioxide concentration increases 
steadily during breathholding whereas the concentration of oxygen falls only within 
approximately the first 10 seconds. The findings are consistent with Henderson’s 
observation that with breathholding there is a greater decrease in the size of the 
respiratory dead space calculated for carbon dioxide than for oxygen (i). It would 
appear that the difference in exchange is due to the much more rapid rate of diffusion 
of carbon dioxide through body tissues and fluids and to the limitations imposed on 
oxj’^gen exchange by its absorption coefficient in the mixed glandular secretions 
which bathe the supraglottic portion of the respiratory airway, 

suxr.\rARY 

An exchange of carbon dioxide and oxygen of approximately the same magnitude 
occurs in the supraglottic portion of the respiratory dead space witliin one to two 
seconds after the end of inspiration in healthy subjects at rest. This exchange does 
not account for any difference reported in the RQ of expired and alveolar air. When 
the breath is held at the end of inspiration for progressively longer periods of time, 
the carbon dioxide concentration increases at a nearly steady rate, whereas the oxy- 
gen concentration falls only during the first 10 seconds. 
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September i6, jj, i8, 1^48 


The following are abstracts of papers presented at the First 
Fall Meeting of The American Physiological Society, held at 
the University of Minnesota, Minneapolis, and at the Mayo 
Foundation and Mayo Clinic, Rochester, Sept. 16-18, 1948. 


Hormonal alterations in men exposed to heat and cold 
stress. Richard A. Bader, Harold J. Stein, 
Johan W. Eliot and David E. Bass (introduced 
by H. S. Belding). Quartermaster Climatic Re- 
search Laboratory, Lawrence, Mass. 

Hormonal alterations were measured in three men 
who were subjected to heat and cold stress utilizing 
intermittent exposures to heat (io7°F. dry bulb; 
89°F. wet bulb) and to cold (— 2o°F.) as stress stimuli. 
The number of circulating eosinophils, which can be 
depressed by anterior pituitary adrenocorticotropic 
hormone (ACTH) or Compound F, were significantly 
reduced in daily counts during (i) exercise, (2) a combi- 
nation of heat and exercise, and (3) a combination of 
cold and exercise, compared to a baseline period without 
stress. Adrenal cortical reserve was assessed by the 
response to ACTH in the manner proposed by Forsham 
et al. (J. Clin. Endocrinol. 8: 15, 1948), following the 
heat, and again follov,ing the cold exposures. These 
studies showed a slightly ‘abnormal response’ in one 
individual and an essentially ‘normal response’ in the 
other two subjects. This suggests that the heat and 
cold stresses were not sufficient to deplete the adrenal 
cortical reserve as measured by ACTH. The heat 
stress was nevertheless, sufficient to produce accUmati- 
zation, although definite acclimatization to cold was 
not demonstrated. No significant changes were found 
during any of the stress periods in the following indices: 
urinary uric acid-creatinine ratio, urinary 17-keto- 


steroid excretion, absolute lymphocyte counts, and 
basal metabolism. 

Influence of various diuretic substances on the renal 
excretion of dectrolytes in the dog. David Baldwin, 
A. P. Crosley, Jr., and P. J. Talso (introduced by 
Robert W. Clarke). Medical Dept. Field Re- 
search Laboratory, Fort Knox, Ky. 

Unanesthetized dogs have been studied during the 
administration of four diuretics. Inulin and PAH 
clearances were measured. Sodium and potassium 
were determined by flame photometry. Intravenous 
hypertonic saline infusion, which raised the serum 
sodium and glomerular filtration, reduced tubular 
sodium reabsorption from 98% to 80% of the filtered 
amount. The fractional tubular reabsorption of potas- 
sium was much more severely depressed than that of 
sodium. Intravenous aminophyllin raised glomerular 
filtration but did not alter serum sodium. Tubular 
reabsorption of sodium rose in proportion to filtration. 
Potassium excretion was augmented proportionally 
more than sodium, tubular reabsorption of potassium 
remaining constant. Mersalyl given by slow intra- 
venous injection caused the tubular reabsorption of 
sodium to fall relative to the slightly elevated rate of 
glomerular filtration and to the tubular load. In spite 
of a slight increase in the tubular load of potassium the 
rate of its reabsorption fell. The fraction of filtered 
potassium which the tubules reabsorbed was reduced 
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V)ut by a different means than that shown with amino- 
phyllin. Intravenous hj'pertonic mannitol infusion 
somewhat decreased filtration, and reduced serum 
sodium and potassium slightly. Sodium rcabsorption 
also fell, to a greater extent than the load, and the 
fraction of the latter which was reabsorbed was signifi- 
cantly depressed. There was a great fall in potassium 
reabsorpffon, 25% of the load being excreted. When 
more sodium is filtered through the glomeruli it is 
reabsorbed by the tubules in preference to potassium. 
The diuretics studied decreased the relative tubular 
reabsorption of potassium far more than of sodium. 

Told gastrectomy in the rat. Donau) C, Balpoor, Jr., 
AXD George M. Higgiks, Institute of Experi- 
mental hledicine, Mayo Foundation, Rochester, 
Minn, 

The effect of total gastrectomy has been studied 
extensively in the larger animals such as the dog, cat, 
pig, monhey and also in man. It has been shown that 
after gastrectomy it is difficult to maintain normal 
weight, a secondary anemia will usually develop and a 
homogeneous osteoporosis can often be demonstrated. 
Nutritional studies have been done on the totally 
gastrectomized rat. It is found that the gastreclomizcd 
rat is incapable of maintaining adequate food intake 
over a long period of time. By selcstinc diet studies 
it was showm that the gastrectomized rat selects a 
diet which is lower in protein content than the diet of 
the normal rat. Replacement therapy with gastric 
extracts does not improve the nutrition of the animal 
and injections of liver extract and vitamin Bi improve 
it only temporarily. 

Injluencc of prolonged administration of thiouracil on 
growth and metabolism. S. B. Barker. Dept, of 
Physiology, State Univ. of Iowa, Iowa City. 

Fertility is markedly reduced in adult female rats 
rendered hypothyroid by thiouracil inhibition of the 
thyroid gland, an observation which may be explained 
on the basis of altered estrus cycles. Cretinoid young 
have been obtained by procedures involving early 
depression of thyroid function with thiouracil, and 
have been maintained at a stage of incomplete develop- 
ment for periods up to 16 months by continuing the 
thiouracil administration. These animals have large, 
colloid-free thyroids, low plasma PI values and 
B.M.R.’slov.'ered by 20 to 35%, further confirming the 
lowered thyroid activity. Even after 16 months of 
depressed thyroid function, withdrawing the thiouracil 
results in a temporary renewal of growth, plus recovery 
of the lost reproductive capacity in some of the animals. 
The long-inhibited gland recovers its ability to store 
thyroglobulin and to release into the blood stream 


enough thyroid hormone to cause the B.M.R. to 
return to normal even though the plasma level of 
hormone is not brought completely to normal. Re- 
productive activdty is rapidly restored, and apparently 
normal offspring are produced by females with weights 
platcaucd at less than half the normal value. 

Relation of the adrenal glands to the renin concentration of 
the canine kidney. Herbert E. Bessinger (by 
invitation) AND George E. Wakerein. Dept, of 
Physiology, Univ. of Illinois College of Medicine, 
Chicago. 

Study was made of the renin concentration of the 
kidneys of 21 dogs, three to eight weeks following 
unilateral renal artery constriction. Three of the dogs 
were bilaterally adrcnalcctomizcd and maintained by 
salt therapy only. The condition of adrenal insuffi- 
ciency did not appear to reduce the renin concentration 
of the renal artery constricted kidney determined four 
weeks after unilateral constriction, but appeared to 
favor renin return to the contralateral non-constricted 
kidney at which time it normally contains no (or 
nearly no) renin. The absence of both adrenal glands 
in 3 bilaterally adrcnalcctomizcd dogs with unilateral 
renal artery constriction receiving maintenance doses of 
desoxyxorticosterone acetate (Schcring) does not alter 
the low or absent renin content of the contralateral, 
non-constricted kidney six to eight wccla after renal 
artery constriction. The injection of DCA in nine 
unilaterally renal artery constricted dogs for periods 
of three to six weeks following renal artery constriction 
significantly decreased the extractable renin from the 
constricted kidney, but did not change the low or 
absent renin concentration of the contralateral, non- 
constricted kidney either three or six weeks after 
unilateral renal artery constriction. The renin was 
significantly decreased in the kidneys of three normal 
dogs receiving DCA for five weeks. 

Renal tubular excretion of N -methylnicolinamidc by the 
dog. Karl H. Beyer, Hor.\ce F. Russo, S. R. 
Gass, Katharine B. Miller and Alice A. .^man. 
Dept, of Pharmacology, Medical Research Division, 
Sharp and Dohme, Inc., Glenoldcn, Pa. 

In the abstracts of communications of the XVII 
International Physiological Congress (p. 217, 218) 
Sperber indicated that N-methyl-nicotinamide (NMN) 
was excreted by the tubules of the chicken kidney. 
Since this is the first instance of the tubular excretion of 
a base, other than possibly creatinine, rve undertook to 
examine its excretion in dogs. Using the analytical 
method of Huff and Perlzweig (J. Biol. Chem. 167: iS7i 
1947) we found that the renal clearance and the extrac- 
tion of N-methyl nicotinamide from the renal blood 
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flow was greater than for creatinine, indicating tubular 
excretion of the NMN. As the plasma concentration 
of NMN was elevated its clearance was depressed to 
approach glomerular filtration rate. The clearance of 
NMN was not depressed by p-aminohippurate (PAH) 
or by caronamide. Therefore it was concluded that 
the tubular transport mechanism for NMN was 
separate and distinct from the mechanism responsible 
for the tubular excretion of PAH. Also, that caron- 
amide which is capable of inhibiting the organic acid 
tubular excretory mechanism is not capable of inhibit- 
ing the excretion of this strong base. Apparently 
there exists in tire mammalian tubules (dogs) a trans- 
port mechanism for the renal tubular elimination of 
organic bases. 

Thresholds for produclion of seizures by photic stiimdalion 

in man. R. G. Bickford (introduced by E. H. 

Lambert). Dept, of Physiologj'^, Mayo Foundation, 

Rochester, Minn. 

Previous studies in this laboratory have shown that 
approximately five % of epileptic patients are photo- 
sensitive. Minor seizures may be induced in this group 
of patients by subjecting them to flickering light of the 
requisite intensity. By controlling the intensity of the 
light stimulus it is possible to make measurements of 
the convulsive threshold. Three light sensitive sub- 
jects were used. They were subjected to 15-second 
periods of stimulation by light from a reflecting tj-pe 
photoflood bulb at a distance of 3 feet. The beam was 
interrupted nine times per second by a rotating f 
blackened sectoring disc. The intensity of the light 
stimulation was controlled by changing (by means of a 
variable transformer) the voltage across the photoflood 
bulb in 10 volt steps betn^een 20 and no volts. This 
represents a brightness range from 3 to 1200 ft candles. 
A is-second rest period is given between each stimula- 
tion. The convulsive threshold is the lowest light 
intensity (or voltage) which will induce a seizure within 
the stimulus period. The occurrence of the seizure is 
detected by observation of clinical signs and electro- 
encephalographic recording of the seizure discharge. 
In the resting patient the convulsive threshold may 
remain constant for several hours if the testing is not 
repeated at less than 15-minute intervals. Occa- 
sionally a slowly progressive increase or decrease in 
the threshold is observed. Barbiturate drugs in non- 
hypnotic doses raise the convulsive threshold. Amytal, 
which is the most effective of the group, may prevent 
seizures occurring at the highest light intensity. Tri- 
dione is less effective. Bromides even in hypnotic doses 
are without effect. Benzedrine and metrazol lower 
the convulsive threshold. 


Inhibitors of gastric secretion occurring in gastric juice 
and gastric mucin. Charles M. Blackburn and 
Charles F. Code. Mayo Foundation, Rochester, 
Minn. 

Using an assay method developed by Code, Black- 
bum, Ratke and Livermore for the determination of 
inhibitors of gastric secretion, a study has been made 
of the inhibitors occurring in human gastric juice. 
The observation by Brunschwig and his co-workers 
that there is an inhibitor in achlorhydric gastric juice of 
patients who have pernicious anemia has been confirmed. 
The observation of Bnmschwig and his associates that 
the inhibitor is present in achlorhydric gastric juice 
from patients without other demonstrable changes in 
gastric fxmction has also been confirmed. Branschwig 
and his collaborators tested for the inhibitor by injec- 
tion of the juice or extracts of the juice into dogs -with 
gastric pouches when these w'ere secreting in response 
to the ingestion of a meal. We have found that the 
gastric secretory inhibitor present in hiunan gastric 
juice also inhibits the secretion of Heidenhain pouches 
in dogs when these pouches are stimulated by repeated 
injections of histamine. In a search for the source of 
the inhibitors present in human gastric juice, we have 
tested gastric mucin and gastric pepsin. We have 
foxmd that intravenous injection of gastric mucin 
produces a pronounced reduction in the secretion of 
juice from Heidenhain pouches in dogs when these are 
stimulated by histamine. The preparations of pepsin 
so far tested have not contained an inhibitor. 

Stimulating effect of carbohydrate, fat and protein meals on 
duodenal secretion. D. Buckenstafe (by invitation) 
AND M. I. Grossman. Dept, of Clinical Science, 
Univ. of Illinois College of Medicine, Chicago. 
Carbohydrate, fat and protein test meals were fed to 
mongrel dogs, some with transplated pouches of the 
upper duodenum, fashioned according to the method 
used by Florey and Harding, and Sonnenschein, Gross- 
man, and Ivy, and others with a similar preparation 
except that the pouch was opened to form a rectangular 
flap. The following foodstuffs were used as test meals: 
SO grams of dextrose in 100 cc. of water, 50 cc. cotton- 
seed oil, and 50 grams of lean beef. The duodenal 
secretion -was collected by means of a funnel into a 
graduated centrifuge tube. Results of 32 experiments, 
compared with control experiments using 50-100 cc. 
saline, show clearly that the duodenal glands respond to 
all three types of ‘pure’ meals by increasing their rate of 
secretion. A slight difference in the responses of the 
two types of preparations suggests that part of the in- 
creased secretion in the ‘pouch’ type may be dependent 
on motor activity which causes rubbing together of the 
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mucosal folds and incidental mechanical stimulation. 
The conclusion is d^a^\•n that there is no single specific 
absorbed secrctagoguc controlling Brunner’s glands, 
which strengthens the supposition that the humoral 
agent described as having this property is a hormone. 

Alkaline phosphatase aclhily of the dcvdopinn egg and 
embryo of the grasshopper, Mclanoplus dijfercntialis. 
Joseph Hall Bomne akd Laurence Rockwell 
Fitzgerald. State Univ. of Iowa, Iowa City. 
Alkaline phosphatase activity of eggs and cmbrj'os 
of the grasshopper, .If elanoplus dijfercntialis, of various 
ages was determined, using a modified King-Armstrong 
procedure. The activiU' is expressed as /ig. phenol 
liberated in 30 minutes per egg (or per embryo). 
During the first 10 days of development, there is no 
detectable phosphatase activity in the grasshopper egg. 
Between the loth and 21st days of development the 
activity increases from o to about ii. At this time, 
diapause sets in, but despite the developmental block, 
the activaty doubles by the 80th day, reaching about 
22 at this time. If the diapause is broken, the activity 
increases during the postdiapause period, reaching a 
level of about 36 at the time of hatching. There is no 
detectable acti\'ity in the cmbiyo proper until the 8th 
day of postdiapause development (about 10 days before 
hatching), and this remains very low (2-3) until the 
time of hatching, at which time the nymph contains all 
the activity of the original egg. Experiments in which 
the eggs were centrifuged show that as the embryo 
becomes packed into the centrifugal pole of the egg, 
displacing the extra-embiyonic fluid, the activity of the 
centrifugal portion, of the egg decreased, and the 
actixatj' of the central portion increased, as compared 
with similar sections of an uncentrifuged egg. Experi- 
ments in which the extra-embiyonic fluid was separated 
from the embryo, yolk, shell, etc., show that nearly all 
the activity of the whole egg is to be found in the extra- 
embryonic fluid. This indicates that the alkaline 
phosphatase, like tyrosinase, may be formed by the 
serosa, is found in the extraembryonic fluid, and is in- 
corjKirated into the embryo at the time of hatching 
when the embryo swallows this fluid. 

Electrical stimulation of the central nervous mechanism for 
vomiting in the cat. Herbert L. Borison (intro- 
duced by S. C. Wang). Dept, of Physiologj’', Col- 
lege of Physidans and Surgeons, Columbia Univ., 
New York City. 

Vomiting has been elicted in 10 out of 20 cats in which 
the repon of the calamus scriptorius in the brainstem 
was stimulated faradically with a bipolar needle elec- 
trode oriented by means of the Horsley-Clarke stereo- 
taxic instrument. Decerebrate preparations were 


used in all cxiieriments since anesthesia severely de- 
presses emesis. The graphic response, as recorded with 
thoracic and abdominal pneumographs, is characterized 
by an apneusis with vomiting occurring at the peak of 
inspiration. Ihe main criterion for the elidtation of 
vomiting, however, was the c.xpulsion of vomitus con- 
sisting of milk curd. Stimulating current thresholds 
for the vomiting response have been determined such 
that at a constant frequency of 50 impulses per sec., the 
threshold of intensity is about S volts and at a constant 
voltage of 12 volts, the frequency threshold is between 
33 and 50 impulses per sec. By histological identifica- 
tion of the reactive points, the responsive region for 
emesis has been localized to the area corresponding to 
the traclus solitarius and the gustatory nucleus and a 
small portion of the reticular formation lying ventral 
to these structures. The vomiting center bears a close 
topographical relationship to the salivatoiy center 
( 7 . Neurophysiol. 6: 19s, 1943), the spasmodic respira- 
toiy center {Federation Proc. 7: 10, 1948), and the 
inspirator>' center (Am. J. Physiol. 126: 673, 1939). 
This illustrates the anatomical proximity of the com- 
ponent parts involved in the expression of a complex 
physiological pattern. 

Effut of testosterone propionate on the total urinary 

nitrogen excretion of the rat following burns. John W. 

BR.USCH AND George E. Wakerlin. Dept, of 

Physiolog>’, Univ. of Illinois College of Medicine, 

Chicago. 

The total urinary nitrogen excretion of adult male 
and female albino rats was followed after an approri- 
mately 33% deep second or third degree thermal bum. 
Constancj' of intake was assured by daily force feeding 
of 22 cc. of a liquid diet made up of 73% carbohydrate, 
18 % protein, and 10% fat and yielding 2.9 calories per 
cc. Each sex was divided into three groups of ap- 
proximateh’ 6 animals eacli. Two groups were burned, 
one receiving daily injections of 2.0 mg. of testosterone 
propionate in peanut oil and the other just peanut oil. 
In the case of the males, the administration of the drug 
was begun at the time of the bum. In the case of the 
females, it was started 2 days before the bum. In 
addition, one group of both males and females was just 
injected daily with 2.0 mg. of testosterone propionate 
in peanut oil. .As was anticipated, the urinary nitrogen 
of the peanut-oil treated, burned rats was elevated for 
approximately 6 days after a temporary 2- to 3-day 
depression following the bum. In those animals 
treated with testosterone propionate, the level of 
urinary nitrogen excretion remained approximately at 
the control value. The effect of testosterone propionate 
on the nitrogen excretion of normal male and female 
rats was approximately the same for both se.xes and also 
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equal to the calculated effect in the burned animals for 
8 to 10 days after the burn. On days 10 to 1 2 ^ollo^Ying 
the burn, the effect of testosterone propionate is no 
longer evident whereas in the unburned animals, the 
effect continues unabated. 

Tissue dislribution with iime following single intravenous 
administration of sodium pentothal (sodium ethyl (z- 
methylbiityl) thiobarbituratc) . L. M. Brooks, J. L. 
Boluian, E. V. Flock and J. S. Lundy. Mayo 
Foundation and Clinic, Rochester, Minn. 

We have made a studj’’, using the method of Jailer 
and Goldbaum (with slight modifications) and also 
using radioactive pentothal, S“, to determine the 
distribution of pentotlral at various times after a single 
intravenous injection of amounts of the drug which 
produce deep anesthesia in normal rats. Male white 
rats weighing approximately 200 gm. were given 40 
mg/kg. of pentothal into the saphenous vein. One 
minute after the start of injection 4 to 5 cc. of blood 
were withdrawn by direct cardiac puncture, tlie heart 
excised to stop circulation, and the other organs excised 
thereafter as rapidly as possible. Other rats were 
similarly injected and subsequently killed for plasma 
and tissue analysis 3, 10, 30, 60 or 120 minutes after 
injection. From our results it is apparent that pento- 
thal is rapidly distributed throughout the body and 
that the greatest concentration in each tissue is reached 
within one minute. There is no evidence of subsequent 
marked accumulation in any tissue studied or of any 
special affinity for pentothal by an}' tissue. The 
concentration in the major tissues in not markedly 
different from that of the plasma at any time, that 
found in the liver and kidneys being somewhat higher 
than that of the plasma and that of the brain, muscle, 
lung and intestine being approximately equal but 
slightly less than that of the plasma. Following the 
immediate distribution of pentothal there is a subse- 
quent slow decline in the amount found in each tissue, 
this loss from each tissue being at approximate!}' the 
same rate. 

Survival time of dogs at a barometric pressure of 30 mm. 
Eg. B. H. Burch (by invitation) and F. A. Hitch- 
cock. Laboratory of Aviation Physiology, Ohio State 
University, Columbus. 

Two series of unanesthetized dogs were explosively 
decompressed at a rate of 33,650 mm. Hg/sec. and 
maintained for varjdng lengths of time at a terminal 
pressure of 30 mm. Hg. In the first series the animals 
were exploded from 700 mm. Hg, (2500 ft.), while in 
the second series, the explosion was from 180 mm. Hg 
(35,000 ft.). These animals were maintained on 100% 
O2 at this altitude for at least 20 minutes preceding the 
explosion. The initial alveolar pO- was thus essentially 


the same in both series. Of the 13 dogs making up the 
first series, none survived the terminal altitude for 80 
seconds or longer. In series 2 (17 dogs) no mortality 
occurred when the duration at terminal altitude was less 
than 100 seconds, 50% mortality occurred in 100 
seconds, and 100% mortality when exposure to terminal 
altitude was 180 seconds or longer. Reco%'erj' in 
scries 2 was faster and more complete than in series z. 
A series of experiments designed to determine the im- 
mediate cause of death of animals exposed to pressures 
of 30 mm. or less have been carried out. In anesthe- 
tized animals, tire anterior chest wall was replaced by a 
plastic window and observations made on the heart. 
Fibrillation occurred in about 80 seconds after explosive 
decompression. Observations made through plastic 
windows sutured into the right ventricle showed the 
presence of bubbles in tlic right ventricle and in the 
coronary vessels witlfin 35 seconds after the explosion. 

Reproducibility of values for arterial oxygen saturations 
under varying conditions in a patient with an intracar- 
diac venous arterial shunt. H. B. Burchell and E. H. 
Wood. Mayo Foundation, Rochester, Minn. 
Direct and oximetric studies of arterial oxygen 
saturation have been carried out at approximately 
monthly intervals for a period of a year on an adult 
patient with a congenital cardiac defect of the cyanotic 
ty'pe. During supine rest the arterial oxygen satura- 
tion determined by Van Slyke analyses averaged 85.0 
% and ranged from 81.4 to 88.7%. During this period 
the o^^gen capacity decreased from 33.6 to 20.9 
volumes % as a result of monthly phlebotomies. The 
arterial oxj'gen saturation (Van Slyke) during the last 
60 seconds of a 5.5-minute period of walking at 1,7 
miles per hour averaged 65.5 and ranged from 59.3 to 
73-4%- The resting arterial oxygen saturation in- 
creased on tlic average to 94.5% and ranged from 92.5 
to 95.9 during breathing 100% oxygen. The evidence 
obtained by means of cardiac catheterization, carried 
out on tw’o occasions, indicates a constancy in the 
venous shunt during these conditions. When walking 
at 1.7 miles per hour, the arteriovenous difference 
increased and the fall in arterial oxygen saturation was 
largel}' related to decreased oxygen content of the 
venous blood shunted to the arterial side and not to any 
increase in the percentage shunt. The studies on this 
and similar individuals apparently indicate that in 
patients wffiich intracardiac venous arterial shunts who 
are w’ell compensated from the circulatory viewpoint, 
the percentage of venous arterial shunt may be rela- 
tively constant and that the result of direct and oxi- 
metric arterial oxygen saturation studies during supine 
rest, standing, walking and breathing 100% oxygen are 
relatively reproducible. 
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Rdalion between pressure and flow in the perfused frog's 
leg. Alak C. Btotok. Dept, of Biophysics, 
Univ. of Western Ontario, London, Canada. 
Whittaker and Winton, Green ci al., Roome, Pappen- 
beimer and Maes, and others have carefully investi- 
gated the pressure-flow relations in the limbs of mam- 
mals. The distensibility of the vessels, and the 
anomalous viscosity of blood both complicate the inter- 
pretation. By the aid of a micro-flowmeter, modified 
from that of Bozler, the relation has been studied, 
especially very low pressures, in the Trendelenburg 
preparation. Flow and pressure arc linearl}' related, 
but all flow ceases when the pressure falls below a 
critical value of about 5 cm. of Ringer’s solution. 
WTien the pressure is lowered abruptly from a high value 
to below this critical value, reverse flow occurs, while 
the vessels empty and force fluid against a pressure 
gradient. This indicates a ‘residual tension’ in the 
walls of the smallest vessels, given by the equation T — 
Ft. This tension is not due to tissue pressure, and 
probably not to elastic or smooth muscle tension. It 
appears to be an interfacial tension between Ringer’s 
solution and the walls, since it is removed by adding 
wetting agents (bile salts etc.) to the solution. 

Eflcct of periadrenal ligation on blood pressure of the dog. 

Robert G. Caotasi (by invitation) akd George E. 

Wakeeun. Dept, of Physiologj’, Univ. of Illinois 

College of Medicine, Chicago. 

Unilateral, subtotal periadrenal ligations were per- 
form.ed in 9 dogs and blood pressures were followed for 
one to five months. Six of these dogs were then sub- 
jected to similar ligations of the contralateral adrenal; 
in addition a one-stage bilateral periadrenal ligation was 
carried out in another dog and blood pressures were 
followed as before. Finally, in 6 of the original 10 dogs 
unilateral renal arterj' constriction -^vith a Goldblatt 
clamp and contralateral nephrectom3' was performed. 
Aside from one dog which showed an average rise in 
pressure of 21 mm. Hg following unilateral ligation and 
36 mm. Hg following bilateral ligation, none of the 
anim.als developed h>"pertension. Hj’pertension, how- 
ever, was produced later by the Goldblatt method in 4 
out of 6 dogs that had previously been subjected to 
periadrenal ligations. 

T-dichroine, the anlimalariol alkaloid of Chang Shan. 

K. R. Chen. Div. of Pharmacology, Lilly Research 

Laboratories, Indianapolis, Ind. 

7-dichroine is a new alkaloid isolated by Chou 
(/ . Am. Chetn. Soc. 70; 1765, 1948) from Chang Shan, 
Dichroa febrifuga. Its Q value in ducldings against 
Plasmodium lophurae was estimated to be about 148; 
and in canaries against P. rdictum, 137. Dr. L. H. 
Schmidt of Christ Hospital, Cincinnati, observed that 


7-dichroinc in the dose of 0.4-0.8 mg/kg. definitely re- 
duced the parasitemia in rhesus monkeys infected with 
P. cynomologi (personal communication). The LDjo 
in mice was 10 ± 0.5 mg/kg. intravenously, and 2.74 d: 
0.41 mg/kg. orally. By repeated administration in 
mice, 7-dichroine caused hj’dropic degeneration of the 
liver in certain animals. Vomiting occurred when 
7-dichroine was intravenously injected into pigeons. 
Diarrhea appeared in rabbits when the alkaloid was 
similarly administered. In anestheriaed dogs, 7- 
dichroine in the dose of 2.5mg/l:g. by vein induced an 
increase of duodenal peristaltic aclivitj-, but had no 
effect on respiration and blood pressure. 

Further evidence on conversion of CO to CO: by tissues 
including experiments with radioactive carbon. Rob- 
ert T. Cl\rk, Jr., J. Neweee Stannard and W. 
0 . Fenn. Dept, of Physiologj’ and Vital Economics 
and Atomic Energ>’ Project, Univ. of Rochester, 
Rochester, N. Y. 

Previous studies from this laboratory’ have indicated 
that the metabolism of resting heart and skeletal 
muscle was increased 2 to 3 times when the air surround- 
ing the tissues was replaced by a mixture of 80% and 
20% Oi. Evidence has been presented that this 
stimulation of respiration was due to the burning of CO 
to CO: by the tissues. In other tissues such as nerve, 
stomach, liver, and Iddnej' the metabolism was in- 
creased only slightly, and in skin there was some inhibi- 
tion of the normal respiration. In the present investi- 
gation the respirometer experiments were carried out 
as before v.dth the exception that CO containing radio- 
active carbon (C^‘ 0 ) was used in place of the usual CO 
in the CO-O- mixture. UtiUzing this procedure it was 
possible to measure the CO consumed by the tissues in 
two ways, 1) by determining the excess respiration in 
the respirometer and 2) by measuring the radioactivity 
of C^‘0" of the respired gases after absorption in 
Ba(OH);. Such determinations were made on frog 
heart, skeletal muscle, skin and nerve. The results 
show that the amount of CO consumed, as calculated 
from the radioactivity of the CO: collected, agreed with 
that from the volumeter data, thus proving that the 
stimulation is primarily due to the burning of CO to 
CO:. Also, the rate of burning b\’ each tissue studied 
was in the same direction as previous studies have 
shown. The rate was very’ high in heart and skeletal 
muscle, low in nerx’e, and negligible in skin. 

Quantitative determination of inhibitors of gastric secre- 
tion. Charles F. Code, George R. Livermore (by 
invitation), Henry V. Ratee (by invitation) ant) 
Charles M. Blackburn (by’ invitation), hlayo 
Foundation and Clinic, Rochester, Minn. 

It was sho-am by’ Gray’, Bradley and Ix-y’ {Am. J. 
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Physiol. 118; 463-476, 1937) that the degree of inhibi- 
tion of gastric secretion produced by enterogastrone is 
dependent to a considerable extent on the rate of 
secretion of gastric juice at tlie time of testing. Tliis 
and the differences in size between dogs and stomachs 
or pouches of dogs have made quantitative comparisons 
of inhibitor activity somewhat difficult. The following 
procedure has been developed to overcome some of 
these difficulties and has been used satisfactorily to test 
some inhibitors. Dogs with Heidenhain pouches were 
used. The maximal rate of secretion of hydrochloric 
acid possible from these pouches in response to hista- 
mine given everj’' 10 minutes subcutaneously was 
determined and checked repeatedly. Depending on 
the sensitivity desired, the inhibitor was injected 
intravenously while the pouches were secreting at a 
fourth of this maximal rate when a high degree of 
sensitivity was required, or at half of the maximal rate 
or greater if a less responsive, though somewhat more 
stable, preparation could be used. Administration of 
the dose of histamine giving the desired rate of secretion 
was containued until completion of the assaj\ As a 
rule the mean of the inhibition produced during the 
second and third hours after injection of the test sub- 
stance was used in the calculation of the results. These 
may be expressed as percentage inliibition per weight or 
volume of inhibitor or in terms of some unit established 
for the particular study. 

Eepaiic and peripheral removal rates of the dog for 
intravenously injected hromsnlphalein. Clarence 
Cohn, Rachmiel Levine and Muriel Kolinsky. 
Dept, of Biochemistry, and Metabolism and Endo- 
crinology, Medical Research Institute, Michael 
Reese Hospital, Chicago, 111 . 

Bromsulphalein disappeared from the blood of 
eviscerated-hepatectomized-nephrectomized dogs more 
than three times as rapidly as Evans Blue which was 
injected intravenously at the same time. No evidence 
for excessive loss of BSP tlirough the capillaries could be 
demonstrated in the eviscerate preparation. It was 
possible to estimate ‘Pm’ (maximal transfer capacity 
of the periphery for bromsulphalein), since it was im- 
possible to ‘saturate’ extra-hepatic and extra-portal 
sites of bromsulphalein removal with serum levels as 
high as 100 mg. %. The rate of removal of intra- 
venously injected BSP, being the sum of both portal 
and peripheral removal mechanisms, invalidates the 
use of the dye for measuring either hepatic blood flow or 
of (‘Lm’). 

Studies on the in vitro secretion of HCl by the mammalian 
stomach. Fred E. Coy, Jr., (by invitation) 
Warren S. Rehii. Dept, of Physiology', Univ. of 
Louisville, Louisville, Ky. 


In 1930 Delrue {Arch. int. Physiol. 33: 196, 1930) 
reported the in vitro secretion of HCl by the frog’s 
stomach. In the present work we attempted to obtain 
in vitro secretion of HCl in the mammalian stomach. 
A piece of stomach, usually with the muscle layers 
dissected off, was tied around the end of a glass tube 
and the preparation then immersed in an appropriate 
fluid (Ringer’s or serum) at 38°C., adjusted to a pK of 
7.4 through which 95% and 5% CO2 was bubbled. 
Saline (or tap water) was placed in the tube in contact 
with the mucosa and an oxygen mixture bubbled 
through this fluid. Twelve preparations of dogs’ 
stomach, 12 of rabbits’, 6 of hamsters’, and 8 of guinea 
pigs’ were used. The secretory rate was determined by 
draining the fluid in the tube and replacing with fresh 
saline, usually at is-minute intervals. The pK of the 
saline from the tube was measured with a glass elec- 
trode. In only three cases did the of the saline fall 
below 5.0. Because of the possibility of an abnormally 
high CO2 content of the tissue when 5% CO2 was used, 
experiments were performed on guinea pigs with 100% 
O2 and phosphate Ringer’s. In 10 out of 1 2 experiments 
the fell into the 4’s every 15 minutes for from two to 
several hours. In 4 experiments performed at 32‘’C. 
(see Davies, Biochem. J. 40: xxxv, 1946) a higher 
secretory rate was obtained. The highest rate was one 
in which the pK dropped to 3.18 in 15 minutes. 

Variations in a single subject of On intake, acetylene 
minute volume, On debt and RQ on 12 various exercises 
designed as tests of maximal circulatory capacity. 
Thomas Kirk Cureton, Jr., ■ Alfred W. Hub- 
bard (by invitation), Louis J. Sakal (by invitation) 
AND W. Kastrinos (by invitation). Univ. of 111 ., 
Chicago. 

In 15 tests of net O2 intake on maximal exercises 
given to a 115 lb. meso-medial subject, of near average 
running endurance and 68" tall, the range in net O2 
intake was from 1.620 1 /min. to 2.780 1 /min., S.D. 
about the mean ±.1865 and aS = ±.1154. The 
highest minute volume was reached on the All-Out 
Step Test (40/min., 17" bench) but the 7 mi/hr. 
Treadmill Run (8.6% slope) gave 25.25 1 /min. A 

, ^ ,02 intake „ , , 

plot of — — - — parallels the acetylene MV fairly 

closely, plotted against Cal/hrAg., the rank order 
correlation being .58 but the true relationship is much 
better than this due to the curvilinear shape of the 
graph. The subject tensed up at 10 mi/hr. (8.6%) 
slope and the MV dropped to 18.76 1 /min., a drop of 
29*5% • The re-test variations in this work averaged 
5.12% in net O2 intake, although some of the tests were 
several weeks apart. The O2 debt varied in 15 deter- 
minations on 12 different exercises from 3.38 1. to 10.93 
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1 .; of the variations 1.965 1 . and M ± .525 1 . The 
more obvious causes of variation were i) subject giving 
up before being ‘All-Out’, 2) variable recovery limes (2) 
same exercises restricting ventilation. Tlic 7, 10 and 
13.5 mi/hr. All-Out treadmill runs (8.6% slope) caused 
O2 debts of 9.54, 9.12 and 10.43 liters. The equation 
derived to fit the curve of relationship between the diffi- 
culty of the exercise in Cal/min. (X axis) and duration 
of exercise (Y axis) is: Y = 16.01c (between 
20-60 Cal./min.). Above 60 Cal/min the graph is a 
straight line parallel to the base axis. The logarithmic 
plot shows all points practically on a straight line 
except for two exercises below All-Out capacity, one 
which obviously obstructed circulation (Burpcc-Push- 
Ups) and one in which the subject stopped before 
exhaustion. The normal sitting RQ of .80 rose to 1.12 
in All-Out exercise, -f 1.51 in the first bag of recovery 
gas and then dropped back to .80 or below. After 
three tests it went as low as .67 and after the 13.6 mi/hr. 
Treadmill Run it dropped to .56 at the end of training. 
The RQ is systematically lowered by training, the nor- 
mal resting RQ dropping to .66. Several verj’ highly 
trained endurance athletes have been found with RQ’s 
as low. 

EJfecIs of microwave diathermy on the eye. L. D/ULY, 

Jr., R. G. Wakot, J. F. Herrio: akd E. M. P/\rk- 

Hni. ilayo Clinic and Foundation, Rochester, 

Minn. 

A study was made of the changes in temperatures of 
the orbital tissues, aqueous, and vitreous humors and of 
the patholo^cal changes resulting from exposure of the 
eye of the dog to microwaves. One series of acute 
experiments was performed on 36 dogs anesthetized 
with pentobarbital sodium. Thermocouple needles 
were used for recording temperatures of the orbit, 
aqueous and vitreous humors of the eye before and 
after exposure to microwaves. Exposure of the eye to 
microwaves for 30 minutes using 75% of the output 
with the comer director at a distance of 3 inches pro- 
duced an average temperature rise of r.g'C. in the 
orbit, 3.2'’C. in the vitreous and 2.8° in the aqueous, 
exactly one minute after the microwaves were turned 
off. Another series of experiments was performed on 8 
dogs similarly anesthetized and one eye was exposed to 
microwaves. Both eyes were studied clinically, in- 
cluding ophthalmoscopic examination of the media and 
fundi before and after exposure to microwaves. Eyes 
of 2 dogs that were exposed once daily, six and ten times 
respectively, to microwaves using 75% of the output 
with the director at a distance of 3 inches for 30 min- 
utes, so far have shown no clinically observable patho- 
logic findings. Eight 30-minule exposures of the eye of 
one dog once daily using 75% output with the director 


at 2 inches produced anterior cortiail cataract within 
six days after the last exposure. Sc%-en similar ex- 
posures of the eye of another dog using 98%; oiifput 
with the director at 1 inch produced anterior cortical 
cataract within 24 hours after the last exposure. Over 
a period of 9 weeks these anterior cortical cataracts 
increased in size and density and then regressed and 
posterior cortical cataracts developed. In one dog, 
one 30-minutc exposure of the eye to microwaves using 
75% output witli the director at 2 inches produced 
corneal clouding and partial iridoplcgia within 24 hours 
after exposure. Microscopic examination of sections of 
this eye revealed round cell infiltration of the comeal 
stroma. Similar clinical and histologic changes were 
produced in the eye of another dog within 24 hours after 
two 30-minutc exposures to microwaves, and in addi- 
tion, vitreous opacities, reddening of the optic disc, 
whitening and elevation of the retina in the region 
the tlisc were observed ophthalmoscopically. Micro- 
scopic e.xamination revealed red blood cells, leuko- 
cytes and fibrinous exudate in the anterior chamber 
with hemorrhage into the iris and ciliary’ processes. 
Necrosis of iris stroma and disorganization of the pig- 
ment layer of the iris and subclioroidal exudate and 
cystic degeneration of the retina were also obserx’cd. 

Metabolism of the mouse stomach in vitro. Horace W. 

Davekport. Dept, of Physiology, Univ. of Utah, 

Salt Lake City. 

The accumulation of acid in the lumen of the mouse 
stomach has been studied in vitro. It has been shown 
that carbonic, lactic and pymvic acids account for only 
a small part of the total acid found, and the remaining 
acid is believed to be inorganic add secreted by the 
parietal cells. Arsenite (0.34 mil) moderately inhibits 
add secretion, but the amount of pyrnidc add ac- 
cumulating in the presence of arsenite is one fourth the 
deficit in acid secretion, .\ddilion of acetate docs not 
reverse the arsenite inhibition. Tlie total amount of 
pyumvic acid reduced and oxidized by the stomach is 
one fourth the amount of inorganic add secreted. The 
use of pymvic acid by the stomach is inhibited by' 0.34 
mil arsenite, but it is unaffected by' 30 mg. % thio- 
m'anate, a more potent inhibitor of add secretion. 
Shay ct al. {Gastroenterology, 6; 199, 1946) have shown 
that severe thiamin deficiency does not reduce total 
add secretion in the rat. It is therefore tentatively 
concluded either that the oxidation of one mole of 
py'mvic add must produce four moles of hy'drochloric 
acid or that pymvic acid metabolism is not an essential 
part of the acid secreting mechanism. 

Validity and reliability measurements of inulin diodrast 

function tests. Dean F. Davies (introduced by 

Henry A. Schroeder). Section on Cardiovascular 
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Disease and Gerontology, National Institutes of 
Health, USPH, Baltimore City Hospitals, Balti- 
more, Md. 

The vaUdity of diodrast Tm was tested at different 
tubular loads by titration experiments and by repeated 
tests. In titration experiments lo of 12 subjects 
showed a depression of Tm values when tubular load/ 
Tm ratios were increased to an average of 4.81 after 
control periods during which tubular load/Tm ratios 
averaged 2.57. In tests repeated on different days the 
mean Tm values were significantly depressed when 
plasma diodrast levels were 20 per cent or more above 
control levels. An examination of reliability of these 
tests was made by determining reliability coefficients 
of single periods and of single tests of each function. 
An attempt was made to differentiate between devia- 
tions due to physiological variation and instrumental 
error by statistical means. It was found that instru- 
mental error plays a negligible role in day-to-day 
variation. Perfect reliability would decrease the 
standard error of estimate of inulin clearance from 13.8 
to 12.2 cc. plasma per minute, of diodrast clearance 
from 101.9 to 98.2 cc. plasma per minute, and of dio- 
drast Tm by only 0.4 mg. diodrast iodine per minute. 
Validity of surface area correction was studied by a 
preliminary analysis of 37 adult male subjects between 
29 and 89 years of age and surface areas ranging 
between 1.39 and 2.06 square meters. It showed that 
the correlation between surface area and diodrast 
clearances and between surface area and diodrast Tm 
is insignificant. On the other hand, the same indi- 
viduals showed a significant correlation between basal 
metabolic rate and each of these functions. 

Cochlear microphonics and action potentials in the guinea 
pig. Halloweli, Davis, S. Riesco-McClure 
(by invitation) and D. McAuliffe (by invitation). 
Central Institute for the Deaf, St. Louis, Mo. 
Electric responses of guinea pigs’ cochleas were 
studied with a three-channel oscilloscope. Electrodes 
were placed on round window and in small holes (less 
than o.i mm.) opening into scalae vestibuli, media or 
tympani in turns i, 2 or 3. Escape of fluid was often 
avoided; when it occurred it usually initiated slow 
progressive failure of microphonics and action po- 
tentials. At all positions the action potential follotving 
a click was nearly identical. At a given position 
scalae media vestibuli gave the same microphonic 
responses. Scala tjunpani gave the same microphonic 
but reversed in polarity. The latencj’- of each response 
was also the same (within 0.03 msec.) at all positions. 
The pick-up of microphonics seemed fairly localized 
because i) input-output curves for pure tones differed 
■witli position in respect to location on sound-intensity 


scale, maximum voltage, presence of ‘overload,’ and 
slope and shape of curve; 2) at high intensities the first 
sub-harmonic of frequencies above 3500 might be equal 
to the fundamental at turns 2 and 3 although barely 
detected at round window; and 3) interference effects 
between two tones might be quite different at turn 2 and 
round window. Nevertheless, the response at one 
position did not show any marked marimum or special 
sensitivity relative to frequency, provided the input 
was adjusted to keep the response at another position 
constant. There was merely a gradual increase in low- 
tone emphasis as the electrode approached the apex. 
With constant sound intensity there was a strong 
maximum (natural period) at 1700 cps. 

Estimation of pulmonary capillary pressure. L. 
Dexter, F. W. Haynes, and H. K. Hellems. 
Medical Clinic, Peter Bent Brigham Hospital and 
Dept, of Medicine, Harvard Medical School, Boston, 
Mass. 

A cardiac catheter with the hole on the tip was intro- 
duced into a small branch of the pulmonary artery of 
dogs so as to obstruct the arterial lumen. Another 
catheter was introduced through the arterial svstem 
into the pulmonaiy^ vein so as to obstruct the venous 
lumen. Pressures were recorded with Hamilton and 
saline manometers. The pressure existing in the lumen 
of the arterj' distal to the obstruction is a result of the 
retrograde transmission of pressure from the next 
collateral branch entering the pulmonary artery. 
Anatomically, this is the pulmonary capillarj^ bed. 
Physiologically, this is also the case since blood fully 
saturated with oxygen can be withdrawn through the 
catheter occluding the pulmonarj^ artery. Pressures 
in the catheter obstructing the pulmonary vein average 
4 to 6 mm. Hg higher than in that obstructing the pul- 
monaiy^ artery. The same held true when both pres- 
sures were raised by producing pulmonary embolism 
with lycopodium spores. When respiration was 
halted, there was little change in the relationship of the 
pressures, but when blood flow ceased (dealdi), the 
pressures became equal indicating that the differences 
in the two pressures were largely a function of blood 
flow. It is concluded that the pressure recorded 
through the obstructed artery was less because blood 
flow was reduced locally and tliat through the ob- 
structed vein greater due to passive congestion. Av- 
eraging of both pressures gives a means of estimating 
the absolute magnitude of pulmonary capillary pres- 
sure. Values obtained lay between 8 and 9 mm. Hg. 

Man's ceiling as determined in the altitude chamber. 
D. B. Dill and K. E. Penrod. Medical Div., 
Army Chemical Center, Md. ’ 

Experiments were carried out in the Aero-Medical 
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Laboratorj', Wright Field, early in the war on how high 
man can fly breathing oxj-gen. This paper reports 
observations at 44,800 feet, the highest altitude main- 
tained for any length of time without pressurization. 
The eight men exposed to this altitude from 15 to 44 
minutes, exhibited a variety of respirator>’' adjustments. 
Pulmonary minute ventilation ranged from 15 to 56 1 ., 
arterial oxygen saturation, from 58 to 84% and arterial 
pa from 7.45 to 7.76. No one lost consciousness and 
only one became slightly tetanic. One of the 8 experi- 
enced after effects attributable to anoxia, headache, 
nausea and visual disturbances. All were in a state of 
imminent collapse. The calculated pressure gradient 
of oxygen from alveoli to arterial blood was zero in 
those with minimal alveolar ventilation but was 16 mm. 
Hg in the man with maximal ventilation (alveolar 
pCOj 12 mm. Hg). In men with alveolar pCOj be- 
tween 30 and 24 the ApOj ranged from 6 to 13. The 
failure to reach oxy'gen equilibrium in hyper-ventilation 
may reflect a reduction in time available for oxygen 
transfer, i.e., to faster blood flow through the pulmonary 
capillaries. 

Studies of ptdmonary function soith the use of the oximeter. 

J. C. Doucr-AS AOT O. G. Eduolii, Univ. of 

Western Ontario, London, Canada. 

Blood in the left heart or systemic arteries contains 
fractions from well and poorly ventilated portions of 
lung which have come into equilibrium with each other. 
Therefore, under a given set of conditions, the mixed 
arterial saturation may be expected to reflect the ade- 
quacy of pulmonary function. Using the Millikan 
Oximeter as an indicator of arterial oxygen saturation, 
a study has been made of the increase in pO; of the 
inspired gas required to raise saturation to a given 
value (i.e. 100%) from its level of 95-98% when 
breathing room air. In normal subjects, an alveolar 
oxj'gen tension of 227.8 rfc 13.8 mm. Hg produces com- 
plete saturation. This corresponds roughly to an 
oxygen concentration of 40%. The time required to 
reach complete saturation when the subject changes 
from breathing room air to 100% oxygen has also been 
determined — termed 'saturation time’. This, ex- 
pressed as half-time, has been formd to be 17.0 i 1.7 
seconds in normal subjects. In subjects with varying 
degress of pulmonary damage, caused by a number of 
diseases, significant differences in respect to both these 
measurements have been found. The results obtained 
so far correlate satisfactorily with independent clinical 
estimates of the subject’s pulmonary disability. To 
find a known value at which the oximeter could be set 
nith confidence, in every case blood-gas analysis was 
performed on a sample of arterialized-venous blood, 
taken while the subject was breathing pure oxj’gen, to 


ascertain that 100% oxygen produced complete satura- 
tion. 

Tissue stimulators utilizing radio frequency coupling. 

Don'alo R. DtiBBERT (introduced by Otto H. 

ScimiTT). Univ. of Minnesota, Minneapolis. 

The problem of isolating voltage stimuli used in 
tissue studies both conductively and capadtively from 
ground is discussed. A relatively simple method of 
achieving this isolation by means of radio frequency 
coupling is described in detail. The required stimulat- 
ing voltage is used to amplitude modulate a radio 
frequency oscillator which is inductively coupled to a 
receiving circuit where the modulated carrier is re- 
converted into the original voltage stimulus by means 
of a small germanium crystal diode, operating as a 
linear rectifier, followed by a radio frequency filter. 
The resulting isolation is conductively complete, and 
the capacitance from output is of the order of only a 
few micro-microfarads. Certain design details which 
arc of imjmrtancc in obtaining satisfactor}' operation of 
the radio frequencj’ stimulator as well as performance 
data are presented. 

Effects of an anfihislaminic in experimental shock. 

H. E. EoERSTEOii, M. R. DiG/VKGi Ajm Carl 

CAt.M^\N (by invitation). Dept, of Phj'siology, St. 

Louis Univ., St. Louis, Mo. 

Rats anesthetized with sodium pentobarbital were 
shocked by application of rubber bands to the hind 
legs for 3 hours and 40 minutes. Before release of the 
tourniquets 62 rats were given 20 mg/kg. Benadryl 
inlrapcriloncally. The 24-hour survival rate was 10% 
for the treated group, and 24% for S3 untreated con- 
trols. In dogs anesthetized with morphine and 
sodium pentobarbital bum shock was induced by 
immersion of hind limbs and lower abdomen in water 
at 9o°C. for 5 seconds. Before immersion r6 animals 
were given i. m. 20 mg. Bcnadryl/kg, followed by 5 mg/ 
kg. e%'cry 3 hours after the bum. The 24-hour survival 
rate in the treated group was 19%, and 25% in 16 
untreated dogs. A second series of shocked dogs was 
treated initially with Benadryl as described above, but 
after the bum 40 rag. % Benadryl in saline was ad- 
ministered by intravenous drip at a rate permitting 
100 cc/kg. to flow per 24 hours. Control animals 
received saline only at the same rate. In ii Benadryl- 
treated animals sur\’ival was 36%, and in ir controls 
was 27%. Blood pressure readings taken at hourly 
intervals in shocked dogs showed no significant differ- 
ences between control and treated animals. Hemato- 
crit readings taken everj' 3 hours suggested that the 
Benadiyl-treated dogs did not show as great hemo- 
concentration as the controls. 
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Oximetry respiratory patterns hi arterial hypoxemia with 
and without intra-cardiac shunt. James 0. Elam, 
Albert Rods and J. F. Neville, Jr. (introduced by 
H. L. Wiute). Laboratorj' of Applied Thoracic 
Physiology (Surgcr >0 and Dept, of Physiology’, 
Washington Univ., St. Louis, Mo. 

Fluctuations in the oximeter value as a result of the 
respiratory cycle have been studied in two groups of 
hjTJOxemic patients, the first group having no evidence 
of intra-cardiac shunt and the second group having 
interventricular septal defects demonstrable by cardiac 
catheterization studies. In the first group of hypo- 
xemic patients the respiratory pattern in the oximeter 
value consisted of an increase in saturation 5-7 seconds 
after the beginning of inspiration followed by a de- 
crease in saturation 5-7 seconds after the beginning 
of expiration. Such patterns were observed when the 
patient breathed room air at a rate of 4-6/min. and 
disappeared on breathing 100% oxygen. Apparently 
the slow respiratory rate permits depletion of increased 
alveolar pOs during expiration so that the following 
inspiration elevates the alveolar pOj and hence the 
relatively unsaturated arterial blood. The 5 to 7- 
sec. interval between the beginning of inspiration and 
the increase in the saturation agrees with the accepted 
values for lung-to-ear circulation time. The second 
group of hypoxemic patients who had intra-cardiac 
shunt showed a different respiratory pattern in the 
oximeter values with slow deep breathing. In this 
group the saturation decreased 2-3 seconds after the 
beginning of inspiration and increased 2-3 seconds 
after the beginning of expiration. Such patterns were 
elicited while the patient breathed room air or 100% 
oxygen. It appears that expiration caused a decrease 
in flow of the venous shunt blood relative to the oxy- 
genated blood entering the aorta and that inspiration 
reverses this effect so that relatively more of the shunt 
blood enters the aorta. The 2 to 3-sec. interval 
between inspiration and the saturation increase sug- 
gests heart-to-ear circulation time. Occurrence of the 
pattern during breathing of 100% oxygen excludes the 
alveolar p02 role in this pattern as distinguished from 
the respiratory pattern obtained in patients without 
intra-cardiac shunt. 

Cross-acclimatization to heat and cold. Johan W. 
Eliot, Harold J. Stein and Richard A. Bader 
(introduced by H. S. Belding). Quartermaster 
Climatic Research Laboratory, Lawrence, Mass. 
Three healthy men were physically conditioned by 
walking 7 miles a day for 10 days, and were then ex- 
posed successively to 19 s-hour periods of heat (io7°F. 


drj’ bulb; 89°F. wet bulb; and 3 m.p.h. wind velocity), 
14 5-hour periods of cold (— 20°F., wind 3-4 m.p.h.), 
and s re-exposures to heat. After 5 weeks without 
environmental stress, 3 more heat exposures were given. 
The most striking finding of these studies was that, in 
men acclimatized to heat, loss of acclimatization was 
not accelerated by repeated cold exposures, as judged 
by cardiovascular and metabolic indices and subjective 
reactions. More rapid and effective vasoconstriction 
with successive cold exposures was demonstrated. 
Continuous diuresis and increased chloride loss were 
observed during the period of cold exposures, and these 
trends were only slowly reversed upon re-exposure to 
heat. No significant difference in basal metabolic 
rate was observed between the hot and cold periods. 
Blood, plasma and ‘available fluid’ volume studies 
revealed no consistent changes during tlie hot or cold 
periods, but plasma protein and hematocrit values 
showed definite hemoconcentration in the cold and 
hemodilution in the heat. It has not been demonstrated 
that increased tolerance to cold results from any of the 
changes observed. 

Single fiber linmlns nerve preparation for action potential 
analysis. Lester Erickson (introduced by Otto 
H. Schmitt). Univ. of Minnesota, Minneapolis. 
Limulus leg nerves were studied as a possible source 
of single nerve fibers for dissection by the technique of 
Hodgkin. Histological e.xamination shoived the pre- 
sence of numerous axons larger than 20 microns in a 
circumscribed area of the nerves studied. Histo- 
logical data on these nerves was not found in the 
literature so fiber distribution studies were made 
similar to work done on squid by Young. Enlarged 
photomicrograph prints were used for these studies. 
The total number of fibers in Limulus leg nerves was 
estimated to be about 8000. Detailed fiber measure- 
ment and counts from the circumscribed area of the 
nerve containing the large axons gave an average of 
435 fibers in the area. In the circumscribed area, 51% 
of the fibers were smaller than 5 microns; 21% of the 
fibers were from 5-10 microns; 18% were from 10-15 
microns; 5% were from 15-20 microns in diameter and 
5% were greater than 20 microns in diameter. When 
histological study showed that Limulus nerves might 
be a satisfactory source for single fiber preparations, 
dissection of the nerves was attempted. It was found 
possible to isolate the large diameter axons of 20 
microns and make satisfactory single fiber preparations 
from such fibers. The technique and equipment was 
perfected so that preparations could be made for 
oscillographic analysis of action potentials propagated 
by single fibers. 
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Effect of vagotomy on intestinal motility. S. Fair, F. C- 
IrlAKN, AKD J. H. Gkindlay. Mayo Foundation, 
Rochester, Minn. 

A study was made of intestinal activity, photo- 
graphically recorded, in a group of trained dogs before 
and after transthoradc vagotomy. Tlic apparatus was 
designed to record the slightest change of diameter in 
the intestine, and was attached to exteriorized loops 
prepared at diSerent levels of the alimentary’ tract. 
In several instances 3 loops were prepared on the same 
dog, duodenal, jejunal and ileal. Various stimuli were 
applied and recordings were made. Emptying time 
of the stomach was delayed after vagotomy. Tins was 
shown by the necessity of fasting the dog for 48 hours 
in order to show complete quiescence in the loops in 
contrast to 26 hours fast in the nonvagotomized dog. 
Vagotomy abolished the intestinal activity caused by 
the slight and smell of food. The feeding reflex was 
delayed and of a shorter duration. Peristaltic waves 
were less in number, of shorter duration and occurred 
at longer intervals. This was especially marked in the 
ileum. The rhythmic waves were not affected in num- 
ber or in their law of gradiencc. 

Effect of diabetes and insulin on glucose Tin and other 
renal functions. Saxjl J. Farber, Neal J. Coxak, 
Jr., AKD David P. Earle, Jr. (introduced by Homer 
W. Smith). New York Univ., New York City. 

The maximum tubular reabsorption of glucose 
(TmG) bj' the kidney was examined in 10 diabetics. 
Filtration rates were found to be within normal limits 
as were most of the absolute TmG values. Hower’cr 
the GF/TmG ratios were lower than normal indicating 
a disproportion in glomerular and tubular function. 
Thus, the kidney tubule of the diabetic reabsorbs more 
glucose in proportion to the amount of glucose filtered. 
The action of insulin on the glucose Tm was examined in 
normals and diabetics. Insulin reduced the Tm in 
some of the normals examined and in all the diabetics. 
The GF/TmG ratio increased toward normal value in 
the diabetics in approximately the same proportion as 
the decrease in TmG. In several patients the excretion 
of glucose actually increased after insulin despite the 
fall in blood sugar. The effect of glucose and glucose 
plus insulin on the excretion of Na, K and PO^ was 
examined in a limited number of diabetics. The ex- 
cretion of K and PO^ usually decreased as the blood 
level fell after the administration of glucose and glu- 
cose plus insulin. The excretion of Na increased after 
glucose. In a few instances the excretion of Na di- 
minished after insulin despite the fact the excretion 
of glucose increased. 


Secretion of insulin in the dog studied by means of the 
pancreatic-femoral anastomosis. Piero P. FoA,. 
Jay a. Siaiii (by inv’itation), akd Harriet R. 
Weikstein' (by invitation). Dept, of Physiology 
and Pharmacology, Chicago Medical School, Chicago, 
111 . 

A disagreement exists regarding the nature of the 
hypoglycemic phase of the normal glucose tolerance 
curve. Some autliors believe that it is due to stimula- 
tion of insulin production, while others attribute it to a 
protracted inhibition of liver glycogenolysis. The 
problem was investigated by means of 38 cross-drcula- 
tion experiments on fasted heparinized dogs. The 
pancrcato-duodcnal or a branch of the mesenteric vein 
of the donor (ri) was anastomosed witli the femoral 
vein of the recipient (JB). Return drculation was from 
the femoral artcrj’ of B to the femoral vein of A. 
After a control period, 5 cc/kg. of a 20% solution of 
glucose or the same volume of iso-osmotic (4%) saline 
was injected intravenously into A. Blood samples 
were taken for 75 minutes following tlie injection, the 
anastomoses were tlien disconnected and the sampling 
continued for 2 more hours. Blood sugar was deter- 
mined according to Folin and Malmrose. The glyccmia 
of a dog rcccidng pancreatic blood from a donor in- 
jected with glucose decreases sharply reaching a 
minimum in 30 to 60 minutes and gradually returning 
toward normal after the anastomosis has been dis- 
connected. No changes are produced if saline was 
injected into a dog A . WTien the mesenteric vein of A 
was used, the glyccmia of B increased instead of de- 
creased. The hypoglycemia of B was of the same order 
of magnitude as that observed in the normal glucose 
tolerance curve, and appeared to be due to an increase 
of insulin content in the pancreatic blood of A. The 
results are consistent with the hj’pothesis that a rise 
in blood sugar concentration stimulates the secretion of 
insulin and that the pancreas plays a primar>’ role in the 
production of the hiTJOglycemic phase of the normal 
glucose tolerance curve. 

A rapid infrared gas analyzer. Richard C. Fowler 
(introduced by W. O. Fekk) Dept, of Physiology 
and Vital Economics, Univ. of Rochester, Rochester, 
N. Y. 

.A. selective gas analyzer, suitable for operation 
with any gas having a unique infrared absorption band 
of measurable magnitude is described. These in- 
clude CO2, CO, ether, acetylene, nitrous oxide, and 
others. Its features at present include an instanta- 
neous sample volume of approximately 0.5 cc. obtained 
by crossing the measuring beams, and an overall re- 
sponse time of 90% full sacle in 0.15 seconds obtained 
through the use of rapid ‘SETT’ bolometers. It is 
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adaptable for both static and continuous flow measure- 
ments. A calibration curve and sample results are 
shown. 

Non-uniformity of lung ventilation. Ward S. Fowler 
(introduced by Julius H. Comroe, Jr.). Dept, 
of Physiology and Pharmacolog}’', Univ. of Penn- 
sylvania, Philadelphia. 

Continuous analysis (Lilly-Hervey nitrogen meter) 
of Nj content and volume flow of alveolar gas e.vpired 
after one inspiration of 99.6% O2 showed the N2 
content to increase several per cent as expiration con- 
tinued. This indicates that a) inspired gas is not 
evenly distributed throughout the functional residual 
air and h) with quiet breathing the poorly ventilated 
areas of the lung empty proportionately more later in 
e.xpiration. In 38 of 40 healthy men, increasing N2 
content was found in alveolar gas of a quiet tidal 
expiration. The magnitude of the variation in Ns 
content has been expressed in terms of the relative 
dilution of alveolar Nj by inspired O2, and was af- 
fected by inspired volume, pre-inspirator>' lung volume, 
inspiratorj' breathholding, expired volume and manner 
of expiration. When inspiration began at the maximal 
expiratory level, added dead space appeared to increase 
the N2 variation. Decreased variability of N2 content 
was found with voluntarj' and post-exercise hyperpnea. 

Action potentials from single auditory nerve fibers. 
Robert Galambos and HAixotVEiL Davis. 
Harvard University, Cambridge, Mass., and Central 
Institute for the Deaf, St. Louis, Mo. 

We have previously reported on the electrical re- 
sponse of single units in the auditory nerve of cats: 
V\Tien a glass micropipette is introduced into the 'nerve’, 
sharp spikes are elicited by acoustic stimuli. These 
spikes have been assumed to represent conducted im- 
pulses in auditory nerve fibers. For various reasons, it 
now seems more likely that they represent the dis- 
charge of the soma of second order cell bodies in the 
auditory tract. Some anatomical and physiological 
reasons for this conclusion will be presented. 

Cortical projection of proprioception. J. R. Gay and 
E. Gellhorn. Laboratory of Neurophysiology, 
Univ. of Minn., Minneapolis. 

Little direct evidence has appeared in the literature 
on the efiect of proprioceptive impulses in the cerebral 
cortex in animals and man. The proprioceptors 
were stimulated by passive movements of the ex- 
tremities or stimulation of the peripheral end of 
ventral spinal nerve roots by condensor discharges. 
Recordings were made with an ink-writing crystograph 
from the exposed cerebral cortex in 36 cats and 8 
monkeys under Dial-urethane anesthesia. It was 


found that stimulation of the proprioceptors by passive 
movements of the extremities or stimulation of the 
peripheral end of a ventral spinal root resulted in an 
excitation of the electrical potentials of the contra- 
lateral sensorimotor area in the cat and the contra- 
lateral precentral motor area in the monkey. The 
excitation tended to be more diffusely spread in the 
contralateral hemisphere in the cat. In the monkey 
the excitation was largely restricted to the contra- 
lateral precentral motor cortex. These experiments 
support the work of Bard and his associates and in- 
dicate that the cerebral cortex is involved in the 
proprioceptive system. It \Yould appear that the 
cortical projection area of proprioceptive impulses is 
the sensorimotor area in the cat and the precentral 
motor cortex in the monkey. 

Proprioception and the motor cortex. E. Gellhorn. 

Laboratorj’^ of Neurophysiology, University of 

Minn., Minneapolis. 

The effect of proprioceptive impulses originating 
in muscles under conditions of temporary fixation of 
one or more joints was studied on the reactivity of the 
motor cortex to electric stimulation by means of 
EMG’s. Results: 

Fixation of a muscle at increased length (e.g., 
fixation of the elbow at an obtuse angle for the biceps) 
greatly increases the response of this muscle to stimu- 
lation if the proper cortical focus was chosen. This 
effect is largely due to impulses set up while the muscle 
develops tension isometrically. Proprioceptive im- 
pulses thus induced become also effective in those 
muscles with which the proprioceptively excited muscle 
forms specific functional associations. For instance, 
proprioception originating in the biceps increases also 
the reactivity of the extensor carpi to cortical stimu- 
lation; similar relations exist between triceps and 
flexor carpi, triceps and hamstrings, and hamstrings 
and anterior tibial muscle. It w-as shown also that this 
effect occurs in the opposite direction within these 
complexes. For example, fixation of the w’rist in 
ventroflexion increases the reactivity to cortical 
stimulation not only of the extensor carpi but also of 
the biceps muscle. These effects seem to be based on 
the interaction of proprioceptive impulses with those 
elicited by cortical stimulation, resulting in an increased 
number of discharging motor units. This interpre- 
tation is suggested by the decreased summation time, 
the greater and more rapidly increasing amplitude of 
the EMGs and occasionally, by the increased after- 
discharge. 

The membrane potential of single muscle fibers. R. W. 

Ger^^ and G. Ling (by invitation). Dept, of 

Physiology, Univ. of Chicago, Chicago, 111 . 
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We have previously reported {federation Proc., 
1^48, and in press) that all surface fibers of the frog’s 
sartorius normally have a membrane potential 
(measured with a capillary microelcctrode) within a 
couple of millivolts of 80. Tiiis value is insensitive to 
changes in calcium, phosphate, or length, but 
varies with potassium, stimulation and disturbed 
metabolism. An A fraction, above is directly 

dependent on metabolism (CrP concentration); a 
B fraction, below 55 m®, is only indirectly so. Witli 
both glycolysis and respiration blocked (lAA i CN), 
the potential falls to zero in 2 to 4 hours at room 
temperature. Two points arc emphasized here, i) 
Muscle fibers may be in full rigor (isotonic CaCI;) 
yet exhibit a normal membrane potential. Con- 
versely, fibers may have a potential under 20% normal 
(caffeine, high KCl and CaClj) and yet give seemingly 
normal contractions. There is no neccssaiy para- 
leUism between relaxation, contraction, or contracture 
and the size of the membrane potential. 2) Stretch 
does not alter the membrane potential, but is known to 
increase the resting metabolism (Feng). Since a 
muscle fiber may be normal at various lengths and since 
its surface area must vary as length Ij, it seemed 
possible that the extra metabolism of stretched muscle 
was required to maintain the extra area of membrane 
fully polarized. If so, when metabolic cnerg>' is 
blocked (lAA + CN), a stretched muscle should 
depolarize faster than its unstretched partner. This 
is the case. Preliminary results indicate that the rate 
of depolarization may by proportional to total fiber 
surface; which would suggest that much of the resting 
metabolism is used to maintain membrane integrity 
and polarization. 

Ejfect of microwave diathermy on the peripheral circulation 
and on tissue temperature in man. J. W. Gersten, 
K. G. Wakim, J. F. Herrick and F. H. Krusen. 
Mayo Clinic and Foundation, Rochester, Minn. 
The effect of microwaves at a frequency of 2450 
megacycles/sec. on the peripheral circulation and on 
the tissue temperature was studied in 50 normal 
subjects. Two hundred fifty four observations were 
made, with the output of the microwave generator 
cither 60 or 80 watts, and with the duration varying 
from t to 30 minutes. The hemispherical director with 
a diameter of 9.5 cm. was used at a distance of 5 cm. 
from the exposed surface. The blood flow in the 
forearms was determined by the use of the plethysmo- 
graph with the compensating spirometer recorder, and 
the skin, subcutaneous and muscle temperatures were 
recorded by means of thermocouples. After control 
blood flow and temperatures were established the fore- 
arm was exposed to microwaves, and blood flow and 


temperature studies were again made when the micro- 
waves were turned off. Significant increases in blood 
flow and in tissue temperature were produced in the ex- 
tremity exposed to microwaves, but the changes in 
body temperature, heart rate, and blood flow' of the 
unexposed extremity were insignificant. The average 
rise in muscle temperature was significantly greater 
than that of subcutaneous tissue, while the average 
increase in subcutaneous temperature was greater than 
that of the slun. The average increases in temperature 
were highest after 20 minutes of irradiation, and were 
practically the same for 60 and 80 watts. After 20 
minutes irradiation with 80-watt output, the tempera- 
ture rise was in tlie muscle, 5.8'’C, in the sub- 

cutaneous tissue, and 4.7°C. cutaneous. Witli heating 
prolonged to 30 minutes, the tissue temperature de- 
creased significantly from the level reached at 20 
minutes, with a greater decrease after 80-watt than 
after 6o-\vatt output. The average blood flow increase 
in the cxjioscd extremity after 30 minutes of heating 
was 65%. An S-shaped cur\‘c resulted when blood 
flow increase after c.xposurc at 80 watts was plotted 
against duration of exposure. After 30 minutes of 
heating the decline in tissue temperature from the 
peak attained at 20 minutes was proportional to the 
increase in blood flow. 

Changes in response and in excitability of the perfused 

turtle ventricle with 'fatigue' and with sirophanthin. 

S. Gilson, Jr. Dept, of Physiology, Washington 

Univ., St. lAiuis, Mo. 

Ex]icrimcnts have been conducted with the turtle 
ventricle using a Straub cannula and ligation between 
atria and ventricle. Witli bicarbonate buffered oxy- 
genated solutions, addition of strophanthin gave no 
improvement of mechanical response. Inconstantly, 
the drug caused prolongation of the measured relatively 
rcfractoiy period but this occurred during a brief 
period of increasing threshold leading to frank in- 
traventricular blocks. Phosphate buffered solutions 
yielded results in this latter respect of generally similar 
nature. A few preparations perfused with phosphate 
buffered solution for times approaching 30 hours were 
driven at rales approximately 30 per minute except for 
brief periods of testing. Driving at more rapid rates, 
early in the experiment, shortened the R-T interval 
progressively to a value slightly below normal for the 
rate used and there was slight shortening of R-T below 
normal, though only for a few beats, upon return to 
slower driving rale. With progressive mechanical 
failure there was progressive shortening of R-T (and 
of mechanical systole) the change being slight for short 
cycle lengths, great for long cycles. It was not possible 
to measure consistent increases of relative refractory 
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phase adequate to account for this on a basis of the 
assumption that shortening of the duration of systole 
measures relative refractoriness. Thus, in the develop- 
ment of the h3rpod3rnamic state by this means, mini- 
mum duration of systole is but slightly shortened, 
maid mum duration is greatly shortened. This con- 
dition is apparently not necessarily or directly related 
to changes in the duration of the measured relative 
refractory phase. 

Olfactory acuity and the sensation complex of appetite 
and satiety: The influence upon olfactory acuity 
of defatted, dehydrated duodenum of hog (yioUn). 
Margaret Goldschmidt (by invitation), Phillip 
J. Raimondi (by invitation) and Franz R. Goetzl. 
Dept, of Medical Research, Permanente Foundation, 
Oakland, Calif. 

Olfactory thresholds (Elsberg’s method) -were deter- 
mined in normal individuals daily at regular intervals. 
On test days the subjects’ statements regarding appe- 
tite and their caloric intake were recorded. Meals 
■were found to be preceded by a period of increasing 
and followed by one of decreasing olfactorj' acuity. 
The precibal increase in olfactory acuity could be 
prevented by interdbal ingestion of food, the de- 
crease in that acuity by omission of meals. It is 
suggested that by estimating diurnal variations in 
olfactory acuity, measures may be found for the sen- 
sations of appetite and satiety. Benzedrine was ob- 
served to produce decrease in olfactory acuity, decrease 
ia the intensity of the sensation of appetite, decrease 
in caloric value of freely selected meals and, also, a 
sensation of satiety. It was felt that the conversion of 
the sensation of appetite into one of satietj"- as normally 
follows ingestion of food may depend upon results of 
interaction between certain constituents of food with 
certain components of the gastro-intestinal tract. 
Such interaction might lead to formation or release of 
substances directly responsible for the change in 
sensation. Thinking along these lines, it appeared 
interesting to investigate possible influences upon the 
sensation complex of appetite and satiety, upon ol- 
factory acuity, and upon caloric value of freely selected 
meals of defatted, dehydrated but otherwise unaltered 
duodenum of hog (VioBin). In tire experiments 
presently reported, it was found that in normal human 
subjects defatted, dehydrated duodenum of hog upon 
oral ingestion is capable of decreasing olfactory acuity, 
of depressing the sensation of appetite, of creating a 
sensation of satiety and probably also of diminishing 
food intake. Structure and occurrence in other tissues 
of the constituent of the duodenal preparation re- 
sponsible for the effects described are being subjected 
to further investigation. 


Myocardial lactate and pyruvate metabolism in normal 
intact dogs, as studied by coronary sinus catheteri' 
zation. Walter T, Goodale, Donald B. BLackel, 
Martin Lhbin and Pauline P. Wilson. Medical 
Div., Army Chemical Center, Md. 

Myocardial utilization of lactate and pyruvate has 
been demonstrated by several investigators in isolated 
heart, heart-lung, and open chest experiments. Devel- 
opment in this laboratory of a technique of catheteriz- 
ing the coronary sinus under fluoroscopic control has 
made it possible to study myocardial metabolism in 
normal intact dogs, unanesthetized as well as under 
light nembutal anesthesia. Measuring coronary A-V 
differences, and coronarj’’ blood flows by the nitrous 
omde method, lactate and pyruvate utilization was 
found to be even greater than in less physiological 
preparations. The total lactate and pyruvate uptake 
accoimted for 2Cr-yo% of the total myocardial uptake 
of oxygen. Of greatest interest 'W'as the similar linear 
relationship between the utilization of these two 
metabolites and their arterial concentrations, whereas 
no such relationship -was found for glucose. Coronary 
A-V glucose differences were usually low, with such a 
high sampling error as to be statistically insignificant. 
Lactate and pyruvate appear to be preferred sources of 
energj' for the myocardium, and are increasingly utilized 
as their arterial levels rise. This fact may provide a 
logical explanation for the excellent adaptation of the 
heart to stress, as to the increased ■work of exercise, 
during which lactate and pyruvate tend to accumulate 
in the blood from contraction of the skeletal muscles. 

Influence of emotions and feeling states on the behavior of 
the human colon. William J. Grace, Stewart G. 
Wole and Harold G. Wolfe. With the technical 
assistance of Catherine R. Lee and Paul Seton, 
Depts. of Medicine and Psychiatry of the New York 
Hospital and Cornell Univ. Medical College, New 
York City. 

Previously attempts at studying the function and 
beha'vior of the human colon have been made by using 
x-rays, motor meals, balloon kymography, inspection 
of the colon through sigmoidoscopy, and inspection of 
the acti-vity of exposed loops of bowel. The viewpoint 
of most of the studies has been pharmacologic and 
descriptive. We have had a unique opportunity to 
study the behavior of the human colon in two fistulous 
subjects with particular emphasis of the influence of 
emotions and feeling states. Our findings indicate 
that situations productive of anger, guilt, resentment, 
and hostility are accompanied by hyperfunction of the 
large bowel. This hyperfunction is manifested by an 
increase in motor activity, blood flow 13'sozyme pro- 
duction, and usually an increase in mucus secretion. 
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In life situation productive of intense fear and fright 
there occurred a pallor, and relaxation of the large 
intestine. Increase in motor activity, blood flow and 
secretion of the large bowel occurred regularly follow- 
ing the ingestion of an average meal. However in one 
of our subjects little change in activity was noted when 
he was in a period of low spirits, dejection and mild 
depression. Other threats to bodily and personal 
integrity such as sigmoidoscopic examinations, per- 
sonality study and having the patient perform a 
psychometric test resulted in an increase in motor 
activity and blood flow. A period of sustained anger, 
resentment and hostility resulted in a profuse eruption 
of petechiae throughout the surface of the colon. 

Ejfecl of bile on gastric mucus. Rhoda Grant (by 
invitation), M. I. Grossman and A. C. I\w. Dept, 
of Clinical Science, Univ. of Illinois College of 
Medicine, Chicago. 

The eflect of bile on mucus secreted under acute 
conditions by the cat’s gastric mucosa after exposure to 
1% acetic add has been studied. Mucus collected 
under these conditions is opaque, white, extremely 
viscous, wdth a pn of 7-8.5 except occasionally towards 
the end of the secretion period when it fails to 2 to 3. 
The change in reaction docs not change its gross ap- 
pearance. Microscopically, however, intact gastric 
surface cells are suspended in the alkaline; the nuclei 
alone in the acid state. P/ile or bile salts formed with 
the mucus, at room temperature and at an optimum 
pB. in the range 7 to 8.8, a transparent homogeneous 
mixture. Its vdscosity, in contrast to that of the 
original mucus, could be measured by the Ostwald 
method. When mixed with saline, clear acid gastric 
juice, 0.2m Na-H PO4 or duodenal pouch juice the 
mucus remained in a separate phase even in the opti- 
mum pB. range. The cellular elements disappeared 
from the mixture. Opacity and high viscosity of the 
original mucus w-as due apparently to the cellular 
elements suspended in it. Disintegrative changes in 
the gastric surface cells have been found in mucosa 
exposed to bile for a few minutes— the extent of this 
depending on the state of maturity of the cells — con- 
sequently on the amount of mucus they contained. 
Cytolysis of these cells by bile suggests potential danger 
to the mucosa should suitable conditions for the action 
exist. 

Influence of environmental temperature on the metabolic 
response to injected pyrogens. Ronald Grant (in- 
troduced by Victor E. Hall) . Dept, of Physiology, 
Stanford Univ., Calif. 

Rabbits given typhoid-paratjqihoid vaccine (o.oi 
of vaccine containing 2 X 10'’ organisms per 
mi.) show a biphasic temperature rise, beginning when 


heat defence mechanisms become inhibited, about 15 
minutes after injection. Interruption of the tempera- 
ture rise due to restored activity of heat defence 
mechanisms occurs in the second hour. Renewed in- 
hibition causes the second rise.. At o®C. the fever 
curve is similar but with less rise. Shorn animals ex- 
posed to o‘’C. maintain constant rectal temperatures 
with strong shivering, oxj'gen consumption being in- 
creased 1 20 per cent. Given vaccine, they may show 
slight fever in the first hour but usually develop decided 
hj^pothermia in the second hour with obvious reduction 
of shivering. Fall of temperature maj' be checked in 
the third hour by restoration of shivering. Oxygen 
consumption is slightly increased during the first hour 
(mean increase 1.76 ml/l:g/min., or 17% of the control 
value at 20°C.). This increase is maximal 20 to 30 
minutes after injection. Magnitude of the increase is 
unaflccted by cnnronmental temperatures within the 
limits of heat and cold tolerance. In the second and 
subsequent hours at moderate and high temperatures 
oxj’gen consumption remains elevated largely because 
of the van't Hoff cfTect. At low temperatures there is 
decided inhibition of oxj'gen consumption in the second 
hour, cspcdally in shorn animals, with recovery, 
usually, in the third hour. Closely similar results were 
obtained using ‘P>Tc.xin’ (an endogenous pj'rogcn 
prepared by !Menkin from aseptic pleural exudate). 

A crobic glycolysis in the anesthetized dog. Melvin Gray 
(by invitation), Lowxll E. Hokin (by invitation) 
AND Warren S. Rehm. Dept, of Physiolog}’, Univ. 
of Louisdllc, Louisdllc, Ky. 

Lutwak-hlann {Biochem. J. 41: 19, 1947) re- 
ported aerobic glycolysis in the presence of added 
glucose in the rat’s stomach. The present work is con- 
cerned with the rate of glucose consumption and lactate 
production in the secreting stomach of the anesthetized, 
heparinized dog. A portion of the stomach with an 
intact blood supply was placed in a chamber. The 
vein from the stomach in the chamber was cannulated 
and the total outflow was collected. Arterial blood 
was collected simultaneouslj'. The volume of secretion 
and the quantity of HCl secreted were determined. 
The glucose consumption and lactate production were 
calculated from the A-V difference, volume of secretion, 
and blood flow. The Shaffer-Hartmann-Somogjd 
method was used for glucose and the microdiffusion 
method of Winnick for lactate. Glycogen determina- 
tions were made on samples of stomach by the method 
of Good, Kramer, and Somogyi, both before and after 
the experimental periods. In five out of six dogs the 
decrease in glycogen was less than 10% of the glucose 
consumption. The average lactate production was 
25% of the glucose consumption. The rate of HCl 
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production was roughly proportional to glucose con- 
sumption. These data disprove the Bull-Gray theory 
{Gaslroenterology 4; 175, 1945) of HCl formation 
because much more HCl is secreted than could originate 
from glucose going to lactic or pyruvic acid (see Davies 
e( ah, Nature 159: 468, 1947). 

Gasiroitwdenal idceralion in dogs produced by continuous 
iniragaslric administration of HCl-pepsin solutions. 
M. I. Grossman and M. J. Fogelman (by 
invitation). Dept, of Clinical Science, Univ. of 
Illinois College of Medicine, Chicago. 

In previous ejcperiments we had shown that con- 
tinuous intragastric infusion of o.i N HCl at a rate of 

10 cc/kg/hr. for 72 hours produced gastro-duodenal 
ulceration in all dogs and this effect could be prevented 
by simultaneous continuous intravenous infusion of 
isotonic NaHCOa at a rate suflacient to maintain 
normal blood pn. In the present experiments three 
groups of dogs were used. Group I, consisting of five 
animals, received o.io n HCl with 0.2% pepsin in- 
tragastrically; Group II, 14 dogs, received 0.10 n 
HCl-pepsin intragastrically plus isotonic NaHCOs 
intravenously in amotmts sufficient to maintain 
normal blood pK-, Group III, 14 dogs, received 0.15 
N HCl-pepsin plus NaHCOs intravenously to maintain 
normal blood ps. Group I dogs all developed severe 
acidosis (blood 6.9-7.2) and gastroduodenal ulcer- 
ation within three days. None of the dogs in Group 

11 developed gastroduodenal ulceration even when the 
experiment was continued up to 10 days. All dogs in 
Group III which were kept going for 6 days or longer 
developed gastroduodenal ulcers (7 of 14 dogs) . Under 
the circumstances of these experiments the threshold of 
acid concentration for ulcer production is between 
O.IO N and 0.15 N. 

Distribution of the phosphatides in rat-liver nuclei and 
cytoplasmic particulates. M. H. Hack (introduced 
by Hubert R. Catchpole). Dept, of Pathology, 
Univ. of Illinois College of Medicine, Chicago. 
Female white adult rats, maintained on an ad 
libitum diet of Purina Fox Checkers and water, were 
fasted 12-18 hours, killed by a blow on the head and 
the nuclei and cytoplasmic particulates isolated from 
pooled livers according to the procedures of Dormce 
(/. Biol. Chem. 147: 685, 1943) and Claude (/. Exp. 
Med. 84; 51-89, 1946) respectively. The phosphatide 
composition of the lyophilized nuclei, large-granules, 
microsomes and whole liver was determined by the 
method previously described (/. Biol. Chem. 169: 
i 37 > 1947)- The results showed that as rats increased 
in weight (age) from 140 gm.-sso gm. the total phos- 
phatide increased about 30% with the cephalin to 
lecithin ratio changing from 1: 1-1:2. Assays run on 


benzene extracts of the same tissues indicated that 
nearly half of the liver phosphatide was bound as a 
phosphatide-protein complex, mostly as lecithoprotein. 
Contrary to the observations of Stoneburg (/* Biol. 
Chem. 129: 189, 1939) and of Williams et al. (/. Biol. 
Chem. 160: 227, 1945) we have found nuclei to be the 
phosphatide-poor component of the cell. Our most 
homogeneous preparations showed the cephalin: 
lecithin ratio to be about 2:1, acetalphosphatide was 
absent and assays on benzene extracts indicated nearly 
100% phosphatide-protein. The large-granule frac- 
tion seems to reflect most the liver phosphatide in- 
crease with growth which was due primarily to an 
increasing concentration of lecithin so that with 
increasing age the cephalin: lecithin ratio goes from 
2:1 to 1:1. Acetalphosphatide was present and 
benzene extracts indicate that ^ to 2 of the phos- 
phatide was bound to protein, largely as lecitho- 
protein. The phosphatide composition of the 
microscome fraction was found to remain quite constant 
with growth (140-350 gm. rats) ivith a cephahn: 
lecithin ratio of i:i.4-i.6. About ^ was phosphatide- 
protein mostly of the lecithoprotein type. Acetal- 
phosphatide was present in about the same concentra- 
tion as in large-granules. However, there was present 
an unidentified ‘acetal’ which yielded a fuchsin addition 
product insoluble in capryl alcohol. SphingomyeKn 
was found to be either absent or of small concentration 
in whole liver and in the three cell fractions. The 
table shows the phosphatide distribution in the liver 
of 350 gm. rats. The data is e:qiressed in uM/gra. dry 
weight of tissue. 


TOTAt SPHINGO- 

rnoSPHAXIDE CEPHALIN LECITHIN MYELIN 


Whole liver 

• 167-5 

54-1 

112.2 

1.2 

Nuclei 

• 35-5 

23-7 

II. 8 

0 

Large-granules . . . 

229,2 

107.3 

112.7 

9.2 

Microsomes 

. 321.0 

129.2 

191.8 

0 


Effects of drugs and physical measures on spastic skeletal 
muscle. Norma M. Hajek (by invitation) and 
H. M. Hines. Dept, of Physiology, State Uni- 
versity of Iowa, Iowa City. 

A state of prolonged shortening or spasticity was 
produced in the gastrocnemius muscles of albino rats 
by the local injection of tetanus toxin. This condition 
was accompanied by atrophy and loss of strength in the 
affected muscles. Although temporary relaxation was 
elicited by curare injection, its frequent administration 
did not lessen the- extent of atrophy and strength loss 
which occurred in spastic muscles. Treatment of 
shortened muscles by stretching reduced the amount of 
atrophy and strength loss. Curare facilitation did not 
enhance the beneficial effects of stretching. The 
results suggest that stretching spastic muscle without 
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curare is more beneficial. Excessive or 'over’ stretch- 
ing "vvas found to be injurious to i)oth normal and 
spastic muscles. Electrical stimulation of the spastic 
muscle in the fully stretched position resulted in less 
atrophy but greater strength loss per unit mass of 
muscle. Stimulation in the unstretched position 
proved to be ineflectivc. 

Some recall obscrvaliotis upon physiologic action of 
anti-hislaminc drugs. B. N. Hai-pkrn. French 
National Center of Scientific Research, H6p- 
ital-La Charite, Paris, France. 

Quantitative studies on capiliarj- permeability 
have been made by following the passage of intra- 
venously injected dye into the peritoneal cavity and 
into the anterior chamber of the eye. It has been 
shown that the antihistamine substance diraethyl- 
amino-2 propyl-L phenothiazinc (phenergan) prevents 
the changes in rate of passage of the dye into the 
peritoneal ca\'ity after peritoneal injection of histamine 
and that of fluoriscein into anterior chamber after 
intravenous histamine. It has also been shorvn that 
this phcneosldazine derivative prevents acute pul- 
monary edema in rabbits following intravenous 
epinephrine or chloropicrite. It is concluded that this 
antihistamine substance is a potent agent in preventing 
increase in capillaiy permeability produced by hista- 
mine and certain to.xics. 

EJfects of dihydrocrgocornine on the peripheral cir- 
culation in man. D. W. Hayes, K. G. Wakui, B. 
T. Hortos ANT) G. A. Peters. Mayo Clinic and 
Foundation, Rochester, Minn. 

The effects of the intravenous administration of 
dihydroergocomine (DHO-180), an alkaloid of ergot, 
on skin temperatures, blood pressure, heart rate and 
peripheral blood flow were studied in 20 human volun- 
teers. The action of the drug is chiefly sj'mpatholytic 
and, therefore, the drug is considered to be a vaso- 
dilator. It was administered to 6 patients by in- 
travenous infusion in a solution containing 0.5 mg. of 
dihydroergocomine per too cc. of physiologic sah’ne 
solution and to 14 patients by a single intravenous 
injection. The total dosage varied from 0.25-0.4 
mg. Control values for skin temperatures, blood 
pressure, heart rate and blood flow were determined 
before the drug was given, and the observations were 
again recorded at regular intervals for a period averag- 
ing 65 minutes after administration of the drug. The 
blood flow was determined by means of a venous oc- 
dusion plethj’smograph with a compensating spirom- 
eter recorder. Skin temperatures were recorded by 
means of thermocouples applied to the skin over the 
forehead, over the right and left deltoid muscles and 
over the right and left quadriceps femoris muscles. 


Dihydroergocomine produced an over-all average 
increase in peripheral blood flow of 95% in the upper 
extremities, and 68% in the lower extremities, in 19 
of 20 cases. In spite of the increase in blood flow in 
the extremities the skin temperatures were slightly 
decreased, even during the maximal increase in blood 
flow. The blood pressure fell in the 2 hypertensive 
cases after administration of dihydroergocomine. 
The decrease of systolic pressure was 58 mm. Hg in one 
case and 30 mm. Hg in the other, while the diastoh'c 
pressure fell 18 mm. in tlie former and 10 mm. of 
mcrcuiv' in the latter. In normotensive subjects 
there was no significant change in blood pressure. 
The heart rate decreased in every case, with an average 
reduction of 13 beats per minute. Side reactions were 
more frequent tlian had been reported by other in- 
vestigators, even with lower dosage. Nasal congestion, 
nausea, headache, flushing, an urgency for urination 
and vomiting were the side reactions observed. 

Rectal tanpcralurc patterns of dogs during peripheral 
vasodilation and vasoconstriction induced by the 
immersion method. Heiiikgway. Dept, of 

Physiologj', Univ. of Minnesota, Minneapolis. 
Rectal and brain temperature measurements of 
normal unancsthetized trained dogs were measured 
during a testing process which consisted of local appli- 
cation of heat and cold sufficient to induce thermal 
cutaneous vasomotor actitity. The animals were sus- 
pended in a hammock in a room at is-17'’C. and after a 
30- to 43-minute rest the hind legs were immersed in 
■water at 44 to 45®C. which was followed by immersion 
of the same limbs in cold water. Thermal cutaneous 
vasoconstriction and vasodilatation were indicated by 
changes in the skin temperature of the ear. A variety 
of rectal temperature patterns produced during this 
test was obtained. In some instances immersion of the 
hind limbs caused a sharp fall in rectal temperature 
■when cutaneous vasodilation occurred, an effect which 
cannot be explained by the theory of the central control 
of body temperature. In other instances a rising 
rectal temperature occurred •with vasodilatation, this 
being in accordance with the classical 'thermostat’ 
central control theory. 

Cytology of the pituitary gland in experimental goiter. 
George C. Henegar and George M. Higgins. 
Mayo Foundation, Rochester, Minn. 

With the discovery of the goitrogenic effects of 
certain thiourea and sulfone derivatives, study has been 
given to the influence these drugs exert upon the 
physiology of the thyroid. Although changes in the 
cytology of the anterior lobe of the pituitary exerted 
by thyrroidectomy are well kno^wn, cytologic changes in 
the pituitary of animals made goitrous by these drugs 
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are less dearly understood. Studies were reported of 
the percentage distribution of cells comprising the 
anterior lobe of young male rats tvhich had received 
certain well known goitrogens, promizole, tliiouracil 
and thiobarbital. Correlations between tlie cytologj' 
of the pituitary', tire degree of hyperplasia of the thyroid, 
and the basal metabolic rates were presented. The 
percentage of basophils in the anterior lobe of goitrous 
rats is greatly increased; the percentage of acidophils is 
decreased and large hyaline bodies, resembling those 
seen in the so-called ‘thj'roidectomy’ cells are 
observed. Responses of thyroid and of anterior lobe to 
these three goitrogens were identical in kind but vari- 
able in degree. Thyroids were greatly increased 
in size; acinar cell heights were greater, and there was 
a marked decrease in colloid. Oxygen consumption 
was reduced. The pituitary-thy'roid relationships were 
discussed. 

Cerebellar projeclions to the cerebral cortex hi cal and 
monkey. Elwood Henneman, Pauline Cooke 
AND Ray S. Snider (introduced bj’ H. W. Magoun). 

. Dept, of Anatomy, Northwestern Univ. School of 
Jledicine, and Illinois Neuropsychiatric Institute, 
Dept, of Psychiatry, Chicago. 

In 20 cats and 6 monkeys (chloralosan or barbi- 
turate anaesthesia) single shocks were delivered to the 
cerebellum with electrodes applied to its cortex or 
placed stereotaxically in its nuclei. Amplified po- 
tentials, led from the cerebral cortex with bipolar 
electrodes, were photographed from a cathode ray 
oscilloscope. Depth of anaesthesia and physiological 
status were crucial. Excitation of anterior lobe in cat 
and monkey evoked surface positive monophasic 
potentials (lo sigma latency) in contralateral cerebral 
motor and sensory areas. Paramedian lobules pro- 
jected bilaterally to sensory-motor areas I and II in 
cat. Both cerebellar auditory areas in cat projected 
bilaterally to cerebral auditory regions, responses 
centering around tip of anterior ectosylvian fissure 
(Carol’s motor pinna area) and adjoining suprasylvian 
gyrus (Woolsey’s motor-ear area). Elsewhere in the 
auditory cortex responses were inconstant. In some 
experiments on both species excitation of cerebellar 
visual cortex eUcited cerebral visual responses (20- 
25 sigma latency). Nuclear stimulations evoked 
cerebral responses not confined within single functional 
areas. All sensory-motor and auditory areas responded 
m both spedes. In monkeys areas 6 and 8 responded 
discretely. In cats, but not in monkeys, the \dsual 
areas responded frequently. Sensory-motor, visual, 
and dngulate projections were distinguishable on the 
medial aspect of the cats’ cerebrum. Thus, all in- 
vestigated cortical areas having motor function receive 
cerebellar projections. 


Factors ajfecting the composition of alveolar air. F. A. 
Hitchcock and R. W. Stacy (by invitation). 
Laboratorj' of Aviation Physiology, Ohio State 
Univ., Columbus. 

The mass spectrograph developed in this labora- 
tory for continuously recording the partial pressures of 
O2 and CO2 during the respiratory cycle makes possible 
the study of the djmamics of respiration. Curves 
obtained in normal respiration and during maximal 
exhalations have been analj'zed. These curves show 
that a slight drop in the pOo occurs before any change 
takes place in the pCO:. A fraction of a second after 
this initial change there is a rapid drop in the pOa and 
a still more rapid rise in the pCOa, which accounts for 
almost the entire difference betiveen inspired air and 
alveolar air. Following this there is a slow increase 
in the pCOs and a slow decrease of pOa, which continues 
until the flow of air out of the respiratory tract ceases. 
It appears that an important factor determining the 
partial pressure of alveolar air obtained by the Haldane- 
Priestly technique is the duration of the expulsion. 
During exhalation the pCOa increases ■while the pOa 
decreases at rates which may be as great as 2 or 3 mm. 
per second. Respiratory quotients calculated at |- 
second intervals during maximal exhalation show that 
the quotient during the first second is high, invariably 
being above i. The value of the quotient is rapidly 
reduced and continues to drop as long as exhalation 
continues. 

Adequate cortical stimuli in the production of autonomic 
responses. E. C. Hoff, A. C. Johnson, D. M. 
Sholes and E. H. Gray. Medical College of 
Virginia, Richmond. 

An experimental investigation of the character- 
istics of chemical and electrical stimuli which may evoke 
autonomic responses from the cerebral cortex has been 
carried out in the cat. Acetyl )3-methylocholine 
chloride (Mecholyl, Merck) in saline solution, applied 
topically to the cortex produces profound falls in blood 
pressure with latencies within 15 sec. The threshold 
concentration for this response is lower, with shorter 
latency and greater magnitude, in the electrical pressor 
area of the cortex than in the electrical depressor area. 
Prior application of di-isopropyl fluorophosphate (DFP) 
to a cortical focus greatly lowers the threshold for the 
Mecholyl effect. In a typical experiment, DFP re- 
duced the threshold concentration of Mecholyl from 
2.5 mg/cc. to 0.3125 mg/cc. Topical application to 
the cortex of other cholinesters, including acetyl- 
choline chloride, carbam3dcholine chloride (Carcholin, 
Merck) and urethane of /3-methylcholine chloride 
(Urecholin, Merck) likewise evoked sharp falls in blood 
pressure; but with these compounds no threshold- 
lowering effect of DFP could be demonstrated. Using 
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an electronic square-wave generator to deliver stimuli 
to the cortex, it was found that the threshold potential 
for autonomic responses is quite constant at 3 to 4 
volts, the optimum range being reached just above 
threshold potential. Below threshold potential, no 
alterations of frequency or pulse duration produced a 
response. Frequencies of 30 to 180 cj'cles per sec. 
are within the optimum range and the extreme range is 
between 5 and 500 cycles. Pulse durations of 4 to 
8 millisec. apparently represent an optimum at a 
frequency of 60 cycles. 

Regeneration of nerve fibers to sweat glands. W. Henry 
Hollinshead. Section on Anatomy, Mayo Founda- 
tion and Clinic, Rochester, Minn. 

Anomalous patches of sweating appearing in areas 
denervated by sympathetic chain ganglioncctomy may 
be due either to failure to interrupt all the fibers sup- 
plying these areas or to subsequent regeneration. Since 
preganglionic fibers regenerate readily, and are choliner- 
gic as are the postganglionic fibers to sweat glands, it 
is conceivable that sweat glands can be reinnervated 
by regeneration of preganglionic fibers. In order to 
test this possibility, the original cephalic end of the 
cervical sympathetic cham, after removal of the superior 
cervical ganglion, was anastomosed in the arm to cither 
the median or the ulnar nerve. The flexor nerve not 
used for anastomosis was resected from the arm, but 
the radial nerve was left intact. The high skin resist- 
ances typical of the operated side began to decrease 
after the fourth month, and sweating thereafter reap- 
peared on the previously denervated and dry foot pads. 
Section of the anastomosed nerve after sweating was 
well established failed to alter either sweating or sVun 
resistance; subsequent section of the radial nerve again 
denervated the sweat glands. Thus functional regen- 
eration was not due to regeneration of the anastomosed 
preganglionic fibers, but rather to growth from the 
intact radial nerve. Histologic examination of the 
anastomosed nerves indicated that the fibers of the 
sympathetic chain had entered the degenerated nerv'e 
in great numbers, but had failed to grow far enough 
along this to reach the level of the wrist, even though 
allowed ample time to do so. 

Effects of stimulation of the motor cortex after deafferazta- 

tion. J. Hyde (by invitation) and E. Gedehorn. 

Laboratory of Neurophysiology, Univ. of Minnesota, 

Minneapolis. 

Gellhom (1948) observed the increased electromyo- 
graphic EMG response to stimulation of the motor 
cortex which can be induced by fixating a joint to favor 
a muscle proprioceptively. The magnitude of this 
proprioceptive facilitation prompted an investigation 
to study the relative importance in the EMG response 


of motor cortex and spinal cord. Muscle responses to 
cortical stimulation were studied before and after sec- 
tion of lumbO'Sacral posterior roots. In ‘Dial’ cats the 
motor cortex was stimulated with condenser discharges. 
EMGs tvere recorded with an OfTner crystograph 
through copper wires sewn into semi-tendinosus and 
tibialis anticus. The latter muscle was tenotomized 
and its isometric tension recorded at different initial 
lengths. The limb was fixed, thus preventing lengthen- 
ing of any intact muscles. Results obtained thus far 
indicate that slight variations in the frequency’ or in- 
tensity' of motor cortex stimulation are capable of caus- 
ing appreciable differences in the amplitude of EMG of 
muscles at a given initial length even after dcafferenta- 
tion has removed the possibility' of proprioceptive re- 
cruitment. Further, confirmation of the idea that the 
EMG is dependent on the number of active motor 
units, whereas the tension dcvclojjcd is not (sec Loof- 
borrow, 1948) was obtained under new conditions: 
in the control c.xpcrimcnts, an increase in the initial 
length of tibialis resulted in an increased EMG as well 
as an increased tension in response to a given cortical 
stimulus; after deafferentation, however, while the 
tension increased with an increased initial length (as 
would be expected from the tension-length diagram), 
the EMG was unchanged by alterations in initial length 
of the muscle. 

Fluid shifts in animals during pressure breathing. 

Chester HYiTAN ant? Joseph Goodiian*. Dept, of 

Physiology, Univ. of Southern California, Los An- 

geles- 

A satisfactory system for subjecting anesthetized 
animals to automatically controlled high pressure arti- 
ficial-pressurized respiration has been developed. The 
system consists of a controlled source of pressure for 
inspiration and a similarly' controlled loading against 
the expiratory pressure. The rate of respiration is de- 
termined by a telechron-operated switch which alter- 
nately opens inspiratory or expiratory solenoid valves. 
The magnitude of the pressures employed necessitates 
the use of proper protective counter-pressurization for 
the animals in order to prevent severe damage to the 
lungs. This protection is afforded by a sy'stem consist- 
ing of an air-tight bladder fitted to the animal and held 
in place by a non-elastic cloth jacket. A suitable pres- 
sure-tight helmet has been constructed to permit pres- 
sure breathing at these high levels without requiring 
direct tracheal cannulation. These garments and hel- 
met are built to “pressurize” the entire thoradc and 
abdominal surfaces of the animal, but in no way pro- 
tect the four limbs. Fluid loss from the circulation of 
animals exposed to pressure breathing under these 
conditions was determined by' the degree of concentra- 
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lion of several blood constituents. One cc. samples 
Vi'ere obtained from the exposed femoral arteries for the 
determination of hematocrit, hemoglobin, and plasma 
protein values. In addition, the concentration of pre- 
viously injected non-diffusible dyes was determined. 
The general findings indicate a marked hemoconcentra- 
tion, paralleled by a rise'in the hemoglobin and plasma 
protein values. The fluid loss so determined was 
variable, but at least partially dependent on the level 
of pressure breathing maintained. The condition of 
the animal at the time of the experiment seems to play 
a major role in determining the final fluid loss. The 
fluid loss may be considered as a filtration of fluid from 
the abnormally high pressure in the capillaries into the 
more nearly normal pressures existing in the unpro- 
tected tissues of the limbs. 

Some observations on electromyography. V. T. Iniiak 
( by invitation), B. Feinstein (by invitation) and 
H. J. Ralston. Univ. of California Medical School 
and College of Physicians and Surgeons, San Fran- 
cisco. 

Electromyographic studies of human voluntary 
muscle in cineplastic and normal subjects reveal the 
absence of measurable electrical activity in most 
muscles during rest, and even in various muscles of the 
lower extremity during certain phases of locomotion. 
The prevailing conception of muscle tone is questioned. 
Due to the existence of the length-tension diagram, 
there is no regular relationship between EMG amplitude 
and isometric tension, except at a given length of 
muscle. The use of electromyography in the study of 
phasic action of muscle groups is briefly discussed. The 
abrupt cessation of electrical activity in antagonists 
upon contraction of agonists is noted. It is shown that 
the amplitude of the EMG diminishes in the intact 
muscle as muscle length increases. This finding is in 
disagreement with the studies of Loofbourrow (/. 
Neurophysiol, ii: 153, 1948) on cortical stimulation of 
cats. Experiments on frog muscle-nerve preparations 
also do not agree with the findings of Loofbourrow on 
cat muscle, EMG amplitude increasing when the muscle 
stretched. The work of Duj'ff and Wiggers {Arch. 
Neerl. Physiol. 27: 195, 1943), showing decrease in 
chronaxie of isolated curarized, but not of isolated 
normal frog muscle under stretch, and decrease in 
chronaxie of intact muscle under stretch, is discussed in 
these connections. 

Theory of essential hypertension in man. Edmund 
Jacobson. Laboratory for Clinical Physiology, 
Chicago, 111. 

As previously reported (A.A.A.S.), early essential 
hj^jertensive disease in man apparently can often be 
arrested b3' persistent application of progressive relaxa- 


tion methods. Advanced cases commonly show per- 
sistently lowered pressure uith lessened symptoms. 
Man differs from the experimental animal in that hyper- 
tensive disease arises in him during the efforts of strug- 
gle for existence. Efforts differ in races and cultures 
witli the pace of living; if essential hypertension is a 
cultural disorder, medications, hormones, antirennin 
and other products may abate the symptoms yet fail 
to solve the basic problem. Muscle is the tissue by 
which man moves and imparts force to his environment. 
All effort, including so-called mental effort, proceeds 
by shortening of muscular fibers. Neuromuscular re- 
laxation is freedom from effort, physical and mental. 
In relaxed muscle, most capillaries are closed. Upon 
contraction, they open in increasing numbers, due to 
action of metabolites. Increased blood pressure in- 
creases supplies and removes contraction products. 
Muscular contraction raises blood pressure through 
complex nervous reflexes and action of hormones and 
probably of metabolites. This effect often is masked. 
The glandular system possibly participates through 
nervous stimulation or through hormone action. The 
r 61 e of the kidney is still undetermined. Upon marked 
skeletal muscular contraction, renal arteriolar contrac- 
tion (like retinal) increases, often to spasm. Renal 
anemia may increase production of angiotomin. Per- 
haps blood is shunted from the cortex (Truetta). Thus 
in early hypertension, arteriolar sclerosis is often absent 
(Smitchwick). Arteriosclerosis perhaps results from 
wear and tear especially from excessive effort. Indi- 
viduals differ in hereditary susceptibility (Ayman). 
On this theory, the failure to reduce the death rate 
from hj'pertensive disease results from the failure to 
treat man as a self-directing individual. 

Ketogenic action of niacin and the alcohol of niacin. 

Ralph G. Janes and I. M. Peterson. Department 

of Anatomy, State Univ. of Iowa, Iowa Citj'. 

Earlier it was reported {Soc. Exp. Biol. & Med. 63: 
410, 1946) that a ketonuria was produced in severely 
diabetic rats after relatively large amounts of niacin 
were added to their diet (i g/kg. diet). It has been 
found in the present study that the alcohol of niacin 
when given in similar amounts was also ketogenic, but 
niacinamide was ineffective in producing a ketonuria. 
In rats with a milder diabetes, it was necessary, in 
certain cases, to feed high fat diets along with the 
niacin compounds in order to produce a ketonuria. 
When the high fat diet was continued but the excess 
niacin was withheld the urinarj'^ excretion of ketone 
bodies was reduced or disappeared, and reappeared only 
on the addition of excess niacin. However, two hu- 
man diabetics were given niacin starting with 150 mg. 
daily and the dosage was slowly increased up to 1800 
mg. without producing any untoward sjTOptoms other 
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tVinn the usual flushing reaction. The excrcUon of 
ketone bodies uus not altered in these patients from 
pretreatment levels. 

Rdation of blood sugar to spontaneous and insulin in- 
duced hunger sensations. Hekey J/VNOV/itz (by in- 
vitation) AKD M. I. Grossman. Dept, of Clinical 
Science, Univ. of Illinois College of Mcdidnc, Chi- 
cago. 

Our recent studies have led us to believe that the 
gastric ‘hunger’ contraction and its epigastric pang arc 
a dispensable component of the complex of hunger sen- 
sations in man. Because the role of blood sugar has 
been studied in the past only in relation to gastric 
contractions, the relationship of blood sugar to hunger 
sensations has been studied in five normal adult females 
in the post-absorptive state. 1) Spontaneous fluctua- 
tions of hunger sensations bear no relationship to minor 
variations in blood sugar level. 2) Tlic intravenous 
injection of 0.3 gm. of glucosc/kg. of body weight and 
the resultant hyperglycemia had no effect on spontane- 
ous hunger sensations. 3) The intravenous injection 
of 0.1 xs of insulin/kg. of body weight reproduced the 
pattern of spontaneous hunger, on the average, 38 
minutes later, and 22 minutes after the depth of the 
hjTwglycemia. The insulin induced hunger occurred 
at a blood sugar level of 45 mg. %, lasted rS minutes, 
and subsided at a blood sugar level of 54 mg. %. It is 
concluded that blood glucose bears no relation to spon- 
taneous hunger sensations, but that hj'poglyccmia may 
be operative under abnormal circumstances. 

Sensitivity to intocoslrin of normal subjects, patients 
voithout myasthenia gravis and patients with myasthe- 
nia gravis. P. S. Jarrett (by invitation), L. M. 
Eaton (by invitation) and E. H. Lambert. Sec- 
tions on Neurolog)' and Physiology, Mayo Founda- 
tion and Clinic, Rochester, Minn. 

The effects of single intravenous injections of into- 
costrin or d-tubocurarine were studied on 17 normal 
subjects, 14 patients who did not have myasthenia 
gravis and 15 ambulatory patients who had myasthe- 
nia gravis. In terms of the equivalent dose of d-tubo- 
curarine chloride pentahydrate/kg. body weight, the 
threshold amounts of drug producing a decrease in per- 
formance of the muscles tested varied from normal sub- 
ject to normal subject in the follon-ing ranges: ocular 
convergence, 8.25 to 33.0; width of palpebral fissure, 

33.0 to 99.0; strength of bite, 33.0 to 99.0; strength 
of grip, 33.0 to 132, and electromyographic response of 
abductor digit! quinti muscle (Harsay and Masland), 

66.0 to 132. The sensitivities of normal subjects re- 
mained relatively Constantin repeated tests. The gra- 
dient of sensitivities of different muscle groups was 
relatively constant from individual to individual in the 


order in which the tests arc named. The effects on 
nonmyasthcnic patients were similar to those of normal 
subjects. All patients who had myasthenia gravis had 
a greater than normal sensitivity to curare in some 
muscle group or groups. In some instances, a decrease 
of performance was noted with doses as low as r^ 
micrograms per kilogram of body weight. Some pa- 
tients who had myasthenia gravis had muscle groups 
in which the sensitivity to curare was not greater than 
that seen in some normal subjects. On 7 patients who 
had myasthenia gravis the relative sensitivity of dif- 
ferent muscle groups did not follow the gradient of 
sensitivity found in normal subjects. This does not 
support the concept that a circulating curarc-Iike sub- 
stance is the sole cause of weakness in myasthenia 
gravis. 

Central neural mechanisms in cardiovascular depressor 
responses and sympathetic ocular changes resulting from 
stimulation of the cerebral cortex. A. C. Johnson, 
E. C. Hoff, E. H. Gray and D. M. Sholf.s. Medi- 
cal College of Virginia, Richmond. 

Observations of autono.mic activity resulting from 
cortical stimulation were made as far back as tlie days 
of Hughlings Jackson. In recent years, largely 
through the impetus of Fulton and others, it has be- 
come obvious that autonomic nervous function is 
closely coordinated with other nervous activity, and is 
similarly arranged in a hierarchy of functional com- 
plexity culminating at the cortical level. We have 
shown that cardiovascular and ocular responses from 
the feline cerebral cortex are discrete, localized, and 
show definite patterns of functional localization. The 
area from which sympathetic responses are evoked in- 
cludes the clectrically-excitable motor area and most of 
the frontal lobe cortex. From the cortex posterior to 
this pressor area as far back as the Sylvian fissure, falls 
in blood pressure have been elicited. Frequent rises in 
pressure after these falls suggest a close relationship to 
the pressor area. Ocular parasympathetic responses 
could never he produced by cortical stimulation. 
Vagotomy does not abolish these falls of blood pressure. 
Transcortical incisions separating pressor and depressor 
areas or frontal lobectomy liliewise fail to aboh'sh these 
depressor responses, although they are of smaller mag- 
nitude. Abolition of the secondary rises by such trans- 
cortical incisions implicates association pathways at 
the cortical level. Post-stimulatorv' ocular sympathetic 
responses, frequently evoked from the posterior portions 
of pressor area, suggest inhibition during the stimulus 
and subsequent release. The possibility that further 
developments may permit neurosurgical intervention at 
the cortical level in hj^rertensive cases is suggested. 
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Influence, of metabolic inhibUors upon membrane poten- 
tials in vivo. Euvm Kaplan and Norman R. 
Joseph (introduced by C. I. Reed). Dept, of Physi- 
iologj'-, Univ. of Illinois College of Medicine, Chicago. 
The membrane potential across the synovial mem- 
brane of the 'dog was determined in vivo. Under the 
influence of metaboUc inhibitors, a positive potential 
was produced at the site of inhibition. Potentials were 
measured from the interior at the knee joint to tlie sub- 
cutaneous tissue overlying the medial condyle of the 
femur. (See Joseph, N. R. cl al., Am. J. Physiol., 153: 
364, 1948.) Standard readings were obtained with 0.15 
M. NaCl on both sides of the capsule prior to the intra- 
articular application of an inhibitor solution. Neutral, 
isotonic solutions of the inhibitors in NaCI were em- 
ployed in all instances. Substances which produced 
positive potentials of varying magnitude included the 
following: Naj, S, NaCN, Na azide, Na iodacetate, Na 
malonate, hydroxjdanine, p-chloro-mercurobenzoatc, 
HgCb- ferric and cupric ions. The cytochrome- 
cytochrome oxidase system is the principal enzyme 
complex involved in electron transfer without hydrogen 
transfer. Therefore, variations in observed potentials 
may be interpreted in terms of electron transference 
and potential differences in the cytochrome system. 
Variations in potential and electron flow may be pro- 
duced by changes at any point in the transfer systems. 
These alterations may take place at the substrate, the 
dehydrogenase systems, the hydrogen-electron trans- 
ference systems or the cytochrome system. In specific 
inhibitions the level of the cytochrome oxidase poten- 
tial may be decreased; in other instances, the ej'-to- 
chrome system may be partially or completely bypassed 
with hydrogen-electron transfer via alternate pathways. 

Effect of massage and preliminary warming-up upon 
athletic performance. Peter V. Karpovich and 
Creighton J. Hale (by invitation). Physiology 
Dept., Springfield College, Springfield, Mass. 

It is almost axiomatic with coaches and athletes that 
a preliminary warming-up is indispensable with a good 
performance. Two reasons are usually given: the 
strength and speed of muscular contractions increase 
and the muscles and tendons ‘limber up’ and increase 
resistance for possible injuries ivhich may result from 
sudden intensive muscular effort. On the other hand, 
one may meet athletes who either use no special warm- 
ing-up or gave up its use because they could not see 
any advantage in this procedure. Laboratory experi- 
ments conducted by Asmussen and B 0 je showed that 
preliminary work, diathermy and hot showers increased 
capacity for riding a bicycle ergometer; massage on the 
oriier hand had no effect. Schmidt found that in riding 
bicycle ergdmeters, running 100 meters, or swimming 
S° meters, all methods used by Asmussen and B^je 


were beneficial. The present investigators were espe- 
cially interested in the controversy regarding massage. 
For this purpose, they experimented on 7 college run- 
ners using three types of warming-up: i) pre limin ary 
exercise (10 min.); 2) massage (10 min.); 3) light digital 
stroking (5 min.). The last method was used as a 
control, involving a possible psychological eflfect. Im- 
mediately after either of tliese procedures the subjects 
ran 440 yards. Each type of warming-up was repeated 
on each man from two to three times. The average 
time of 20 trials after preliminary exercise was 56.17 
seconds; after massage, 55.84 seconds; after digital 
stroking, 56.50 seconds. Statistical computations 
showed that the differences between these times were 
not statistically significant. Additional experiments 
are in progress. 

Changes in the blood following explosive decompression. 

J. P. Kemrh (by invitation) and F. A. Hitchcock. 

Laboratory of Aviation Physiology, Ohio State Univ., 

Columbus. 

Determinations of blood gases, hematocrit, blood cell 
morphology, mean corpuscular hemoglobin concentra- 
tion and intravascular bubble formation have been 
made following explosive decompression of dogs. 
Results show an increased hematocrit which may have 
been caused by one or more of the emergency measures 
which increase blood concentration. No significant 
change was noted in the formed elements of the blood, 
nor in mean corpuscular hemoglobin concentration. 
There is therefore no evidence of a water shift between 
the plasma and the red blood cells or of intracellular 
bubble formation. No intravascular bubbles were 
noted 30 seconds after explosive decompression to 
barometric pressures greater than 55 mm. Hg; bubbles 
were a frequent finding within 30 seconds at lower 
barometric pressures and a constant finding after one 
minute exposure to 30 mm. Hg. Bubbles were noted 
in superfidal arteries within 30 seconds and in veins 
within 3 minutes after explosive decompression to 30 
mm. Hg. Therefore it was thought that intravascular 
bubbles were formed centrally ratlier than peripherally; 
i.e., in the large veins, heart or pulmonary system. The 
circulation was probably blocked by these bubbles. 
Determinations of blood gases showed considerable 
oxj'gen present after explosive decompression to pres- 
sures less than 50 mm.' Hg.' Therefore, stagnation 
anoxia and other factors, rather than anoxic anoxia, 
may be significant in the etiology of the effects of rapid 
decompression to barometric pressures below the vapor 
pressure of body fluids. 

Quantitative measurement of regional circulation by the 

clearance of radioactive sodium. Seymour S. Kety 

(introduced by Julius H. Comroe, Jr.). Univ. of „ 
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Pennsylvania, and Diabetic Acidosis Project, Plula. 

General Hospital, Philadelphia. 

A freely diffusible substance injected into a living 
tissue will be carried away from the site of injection at 
a rate largely determined by the local circulation. If 
the substance be radioactive, the quantity remaining in 
the tissue, and hence the clearance rate, may be meas- 
ured continuously by means of an appropriately 
shielded Geiger-Mullcr counter with a fixed geometrical 
relationship to the injection site. It was theoretically 
predicted and experimentally found that the quantity 
of sodium remaining in the tissue (Q) at time (/) after 
injection would bear a simple exponential rclationslup 
to the initial quantity injected (Qo): Q = 
where k represents a tissue clearance constant. It is 
further demonstrable that li bears the following rela- 


F 

tionship to the tissue blood flow; k ~ -0, where F = 

s 


tissue blood flow as cc/gm/min., 5 = sodium space of 
the tissue as cc/gm. and 6 (numerically somewhat less 
than unity) = an overall diffusion factor depending 
on diffusion distances, capillary interface, fluid filtra- 
tion and absorption. To test the responses of the 
method to procedures expected to alter the local circu- 
lation, measurements were made in the human gastroc- 
nemius muscle at rest, during arterial occlusion and 
reactive hyperemia, before and after exercise of the 
foot, and before and after the local injection of a vaso- 
constrictor drug. In each case the clearance constant 
followed the expected changes in circulation. Tlie 
method appears to offer a convenient and clinically use- 
ful means for the quantitative measurement of effective 
circulation in a particular tissue. 


Water and air densitometry. A. Keys and J. Brozek. 

Univ. of Minnesota, Minneapolis. 

Gross density of the human body is the resultant of 
the proportions of the contained extracellular water, 
bone mineral, fats and the remainder which may be 
termed the active cell mass (A.C.M.). Bone mineral 
(sp.gr. 2.o) accounts for about 4% of the total body 
mass. Extracellular water (sp.gr. i.oi) may be sepa- 
rately estimated (e.g. with CNS) and is roughly pro- 
portional to the A.C.M. except in disturbed water 
balance. The sp. gr. of the A.C.M. is roughly 1.02. 
Measurement of the gross sp. gr. allows estimation of 
the proportions of the several components. Densitom- 
etrj' by weighing the body in air and under water is 
demonstrated. The result must be corrected for 
residual air in the lungs. Body volume may also be 
estimated by its effect on the pressure relations in a 
closed air system of knou-n size. Apparatus for this is 
demonstrated. With quiet breathing the bodj' volume 
measured in air is smaller than the water displacement 


by an amount equal to the residual air. Theoretically, 
the air pressure system also allows estimation of gas in 
tlic digestive tract by measuring total body compres- 
sion at different known pressures. 

Use of an improved photo-electric plelhysmograph for 
determination of blood loss from the ear on the human 
centrifuge. JuiiAN R. B. Knutson (by invitation) 
AND Earl H. Wood. Section on Physiology, Mayo 
Foundation, Rochester, Minn. 

The multiple photo-electric cell in the modified 
oximeter earpiece described by Wood and Geraci has 
been replaced with a single photocell covered uith a 
double thickness of Wratten No. 8S.A infrared filter. 
The spectral response characteristics of iron-selenium 
barrier layer photo-electric cells coupled with the trans- 
mission characteristics of the 88A filter render this 
combination selcctivcl)’ responsive to light of wave 
lengths in tlie region of 800 millimicrons. The absorp- 
tion of light of this wave length by whole blood is de- 
pendent on the hemoglobin content of this blood, and 
is independent of the degree of oxygen saturation. A 
translucent pneumatic pressure capsule interposed be- 
tween the light source and the ear makes possible 
measurement of the transmission of infrared light 
of the bloodless (pressurized) ear and of the normal 
blood-containing ear. The difference in transmission 
of light between the bloodless and blood- con- 
taining ear is a measure of the infrared transmission of 
the blood alone interposed in the optical path of the 
earpiece, and hence of the amount of blood (hemo- 
globin) contained in this portion of the ear. This 
photo-electric pletliysmograph has been used to de- 
termine the percentage of blood lost from the ear during 
r34 fifteen-second exposures of ten subjects to positive 
accelerations ranging from 2.1 to 5.r g. The percent- 
age of the control (i g) blood content of the ear which 
was lost during e.xposures to accelerations that produced 
complete loss of vision was S7 ±2.3; loss of peripheral 
vision, only 48 ±2.9; dimming of vision, 39 ±2.8; and 
no impairment of vision, 30 ±2.1. In these subjects 
inflation of the capsule in the earpiece at i gm. to pres- 
sures of 20, 50, 100, 150 and 200 mm. Hg produced 
average decreases in blood content of 47, 84, 98, roo 
and 100%, respectively. Therefore, the intracapsular 
pressure required to produce the maximal transmission 
of infrared light by that portion of the ear interposed in 
the optical path of the earpiece is approrimately equal 
to the systolic arterial pressure at the ear. The per- 
centage of blood lost from the ear per unit change in 
acceleration was calculated for each exposure. This 
value tended to be independent of the g level of the 
individual exposures, and to varj'- significantly from 
subject to subject. The average values obtained for 
individual subjects averaged 18, and ranged from 10 
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±0.6 to 25 ±0.7% per g change in acceleration. There 
was a positive correlation from subject to subject be- 
tween the per cent of blood lost from the ear and tlie 
degree of visual sjouptoms produced by exposures to 
acceleration. This correlation was somewhat better 
than that found between visual symptoms and tJie per 
cent reduction in ear opacity pulse, and was inferior to 
the correlation between systolic blood pressure at head 
level and visual symptoms, obtained by Lambert and 
Wood in another series of subjects. 

Effect of mkrcmave diathermy on the peripheral ciretda- 
tion and on tissue temperature in man. A. J. Kosman, 
L. L. SiEUS AND S. L. Osborne. Northwestern 
Univ. School of Medicine, Chicago, 111 . 

It has been universally accepted that local heating 
of an extremity increases the blood flow to it. Re- 
cently, Kemp, Paul, and Hines made the interesting 
observation that although blood flow in the femoral 
artery of the dog is increased by microwave diathermy, 
heating with short wave diathermy produced little or 
no change in blood flow'. Confirmation of tlrese results 
W'ould necessitate a complete revision of the present 
concepts of the physiological effects of heating. In the 
present investigation, the effect of both types of heating 
upon femoral blood flow' were studied in a scries of 
normal dogs and dogs w'ith an unilateral denervation 
of the hind extremity. The animals w'ere maintained 
under pentobarbital anesthesia in a room kept at 30° 
±i°C. The femoral arteries were cannulated bilater- 
ally and the cannulae attached on each side to “bubble 
flow meters" which were slight modifications of the 
design of Leden, Herrick, Wakim, and Krusen. Flow 
readings were made bilaterally and simultaneously. 
To prevent clotting the animals were given 100 mg. of 
oral dicumarol 24 hours before the experiment and 100 
mg. of heparin intravenously at the time of the experi- 
ment. The temperature of the gastrocnemius muscle 
was measured before and after heating by means of a 
copper constantan thermocouple. These readings were 
taken only to be certain that a fair degree of heating had 
taken place, since, of course, temperature change de- 
pends not only upon the energy absorbed but also upon 
the rate of heat dissipation by the changing blood flow. 
Microwaves (frequency of 24.50 m.c.) were appKed by 
means of a Tour-inch director’ placed 2 inches from the 
skin. Short wave (induction method) diathermy (fre- 
quency of 27.33 m.c.) w'as applied by means of a stand- 
ard hinge-jawed drum adjusted to surround the leg. 
In both cases after a one-hour control period, heating 
was directed to the region of the gastrocnemius for 20 
minutes. The dogs with unilateral denervation of the 
hind extremity had one of the 3 following lesions; 1) 
section of ventral roots Li to L7, inclusive; 2) section of 
dorsal and ventral roots Li to L7, inclusive; 3) section 


of the sciatic, femoral and obturator nerves peripherally. 
The blood flow studies were carried out 12 weeks after 
the production of the lesion. The experimental ani- 
mals represented three distinct types of lesions: i) 
pure motor loss; 2) combined motor and sensory loss; 
and 3) motor, sensory and autonomic loss. To com- 
pensate for any distortion resulting from spontaneous 
fluctuations in blood flow’, flow changes were analyzed 
on the basis of the difference betw’een the control (un- 
hcated) and heated side just before and at the end of 
the heating period. Statistical significance was de- 
termined by the method of paired comparisons. Ad 
examination of the first slide reveals that there is a 
significant increase in blood flow upon the application 
of either form of heating in both normal and root lesion 
animals. These differences arc significant at the 5% 
level of probability. Due to the limited number of 
root lesion animals the results are grouped for analysis 
and presentation according to the tjqje of heating. In 
all cases the response is essentially the same. In deal- 
ing with the peripheral nerve lesion group, it became 
obvious that the response typical of the other animals 
could not be obtained. Since there were not enough 
dogs in the peripheral nerve lesion group to permit 
separate analysis of microwave and short wave heating, 
and since it was quite clear that both methods of heat- 
ing W’ere equally effective in the other groups, for pur- 
poses of comparison tlie animals were arranged 
according to the type of lesion represented. Although 
the response of the root lesion dogs to heating is essen- 
tially the same as in normal dogs, {t ratios significant at 
the 1% level of probability), significant increases in 
blood flow could not be obtained in those animals sub- 
jected to peripheral nerve section. To summarize, 
these experiments clearly demonstrate that short wave 
and microwave diathermy are equally effective in pro- 
ducing an increase in blood flow in the hind extremities 
of normal dogs. These results do not support the thesis 
that a particular method of heating may possess proper- 
ties which exert a specific effect upon blood flow. 
Although loss of motor and/or sensory innervation to 
the extremity does not change the essential nature of 
the vascular response to heating, the behavior of the 
peripherally denervated animals suggests that the 
integrity of the sympathetic outflow in the dog is neces- 
sary for the typical vascular response to heating. 

Electrolytic changes in fibers of voluntary muscles of rats 
as revealed by the microincineration technic. Edw'Ard 
M. Krusen and H. E. Essex. Mayo Foundation, 
Rochester, Minn. 

The microincineration technic developed by Scott 
was adapted to study changes of mineral ash in the 
fibers of muscles subjected to various experimental 
conditions. These conditions included: i) exercise 
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(swimming with attached weights), 2) electrical stimu- 
lation, 3) anojda produced by the application of tourni- 
quets, 4) denervation and 5) tenotomy. The results 
indicated that the fibers of muscles exercised showed an 
increase in density of mineral ash occurring after definite 
periods of contraction. The degree of increase in 
density of mineral ash was found to be proportional to 
the strength and duration of the activity up to a certain 
limit. Once a certain degree of increase had occurred, 
activity for longer periods caused no further changes. 
The ash of muscle fibers serving as controls was gray 
in color; the ash of muscle fibers in which an increase 
occurred was chalky white. Results with electrical 
stimulation were similar to those obtained with exer- 
cise. The fibers of muscles stimulated electrically 
showed an increase in density of mineral ash occurring 
after definite periods of contraction, regardless of the 
method of stimulation. Anoxia produced by prolonged 
application of tourniquets resulted in little change in 
electrolytes. Dener\'ation and tenotomy produced a 
slight initial increase, followed b3' a decrease in the 
density of mineral ash in the fibers of the affected 
muscles as compared with fibers of normal muscle. 
The color of the ash in the later stages was blue, con- 
trasted with the gray ash of the fibers of normal 
muscles. 

Physiologic limb preference. Eleanor M. Larsen 
(introduced by Walter J. Meek). Dept, of Ph3'si- 
ology, Univ. of Wisconsin Medical School, Madison. 
The extensive cortical areas controlling limb move- 
ment would indicate important physiologic significance. 
The hand motor area is greater than that for the foot. 
Unilaterality and bilaterality are exhibited from mole- 
cule to man. The incidence of human limb preference 
is unknown. The majority of individuals demonstrate 
right-handed preference for certain responses, but left- 
handedness has been observed and stated as occurring 
in from 10 to 25% of the population, suggesting 
Mendelian ratio. There are 3 reactions for hands and 
feet: right, left, or bilateral, forming 8 preference pat- 
terns. To determine physiologic limb preference an 
electronic modification of a precedence indicator was 
emploj'ed. The hands, or feet, were placed upon 
telegraph keys which controlled thyratrons operating 
electro-magnetic counters. Upon appropriate light 
stimulus the pair of limbs were lifted as simultaneously 
as possible. If one extremity reacted within 10 micro- 
seconds prior to the other, its precedence was recorded. 
One hundred effective stimuli were given in 4 complex 
bouts with rest periods intervening. The hands and 
feet of 62 healthy jmung adult women were tested. 
The physiologic hand reaction generally reflected the 
usual response, but individuals changed in childhood 


often revealed the original preference, although they 
wrote with tlie educated hand. The results indicate 
that the majority of individuals arc physiologically 
bilateral in reaction and only a small proportion are 
significantly right or left in preference. The data sug- 
gest that the nerve pathways for limb stimulus-response 
may be more efficient either bilaterally, or unilateral!}’, 
and this neurophysiologic basis determine.? intrinsic, or 
physiologic preference. 

Analgesia and anesthesia induced by epinephrine. A. 
LEitmoRFER. Dept, of Psychiatry, Illinois Neuro- 
psychiatric Inst., Univ. of Illinois, and Dept, of 
Pharmacolog}', Loyola Univ., School of Medicine, 
Chicago. 

Observations during our earlier experiments about 
analgesia following intradsternal, (i.c.) injeeffon of 
epinephrine (epn) and reports of Ivy and co-workers 
(about analgesia after intracarotid injection of epn) 
suggested the trial of epn intrathecally for surgical anes- 
thesia. Twenty-six e.xperimcnts were performed on 
dogs. Usually pure epn powder (Parke Davis) dis- 
solved in water was used. In some e.Tpcriments, epn 
alone was injected (^ or 1-2 mg/kg) without sedatives. 
Several minues after the injection, the dogs became 
quiet and, about i hour later, they were asleep (for 

1- 2 hr.). Cutting the skin and complete laparatomias 
were performed during which no signs of pain were 
obscr\’cd. In other experiments, a small amount of 
nembutal was injected intraperitoneally (as a kind of 
basal anesthesia) prior to epn to decrease the amoimt of 
epn needed. Several hours after nembutal, the dogs 
awakened and showed distinct signs of pain already on 
pincliing tire skin. At this time, epn was injected 
(i mgAg-). About 30 minutes later, complete surgical 
anesthesia occurred. The bloodpressure, ECG and 
EEG remained normal, the respiration was not de- 
pressed, but stimulated. No after effects were seen 
during the time of observation after the injection (for 

2- 3 months) although tlirce to four injections were 
made into the same dogs. However, two dogs died 
after extremely large doses. No analgesia and no 
sleep were observed after i.c. ephedrine. Intradermal 
injection of epn (i cc. of i : 20,000) (guinea pigs) pro- 
duced local anesthesia. 

Absence of increased insulin sensitivity of eviscerated 
adrenalectomized rats. R. Le\tne, B. Sudcin and 
D. CuNNiNGiiAii. Dept, of hletabolic and Endo- 
crine Research, Medical Research Institute, Michael 
Reese Hospital, Chicago, HI. 

It is a well established fact that intact adrenalecto- 
mized animals are verj’ sensitive to the hypoglycemic 
effect of insulin. The Cn-oxy-steroids on the other 
hand oppose this action of insulin. In order to delimit 
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the locus of this hormonal interaction, Ave have com- 
pared the insulin sensitivity of adrenalectomized, 
eviscerated, liverless rats ^vith the sensitivity of normal 
eviscerated control animals. The data show that the 
minimum dose of insulin necessary to effect significantly 
the blood sugar of either group lies between 0.15 and 
0.2 XiAg- body weight. That is, in the absence of the 
liver, adrenalectomy no longer causes an increased 
sensitivity to insulin. It would seem therefore that the 
insulin sensitivity of the intact adrenalectomized rat 
is due to the unopposed action of insulin on the viscera, 
most probably the liver, and not to unhindered periph- 
eral (or muscle) action. These data emphasize again 
that the primar}’^ carbohydrate abnormality of the 
adrenalectomized animal is a deficient hepatic sugar 
production. 

Metabolism of acetate by the isolated dog gastrocnemius 
investigated svith carboxyl-labeled acetate. Nathan 
Lifson, Akira OiiAan (by invitation), H. Mead 
Cavert (by invitation) and John A. Johnson (by 
invitation). Dept, of Physiology, Univ. of Minne- 
sota, Minneapolis. 

The isolated gastrocnemius of an etherized dog was 
perfused by means of a closed, pump-o 3 Q'’genator cir- 
cuit, the animal’s own heparinized blood serving as the 
perfusion fluid. The muscle was stimulated via the 
sciatic nerve with maximal single shocks at a frequency 
of i/sec. for 75-100 minutes. After the anesthetic 
ether had been removed (or nearly so) by aeration, 
carboxyl-labeled D’-sodium acetate was administered 
to give a blood level of approximately i.S mii/ioo cc. 
In 3 experiments it was calculated (from; 

atom % O’ e.xcess in respiratorv CO2 

; — T": ; X 100) 

atom % O’ excess m administered acetate 

that 26-49% of the respiratory carbon dioxide was 
derived from the administered acetate on the assump- 
tion that both carbon atoms of acetate are converted 
to CO2 at equal rates. If only the carboxyl carbon 
were so converted, these values would be reduced by 
one half. In 2 control experiments in which a rubber 
tube was substituted for the muscle, relatively trivial 
amounts of isotope appeared in the 'respiratory’ carbon 
dioxide. Net disappearance of acetate as measured by 
blood volatile acid determinations was considerable, 
amounting to approximately 0.9-2.5 mil in the muscle 
c.xperiments, on the assumption that the acetate of the 
blood-muscle system is uniformly distributed. In the 
controls no disappearance of blood acetate was detected. 
No definitely significant excess O’ was found either in 
the blood lactate at the end of the experiment or in 
tlic muscle glycogen. .An accumulation of formate in 
the blood nns not demonstrated. From the above 
data it is concluded 1) tliat contracting mammalian 


skeletal muscle can convert at least the carboxyl carbon 
of acetate to carbon dioxide and 2) that, in all probabil- 
ity, such muscle can effect net disappearance of acetate. 

Effects of postganglionic sympathectomy and vagotomy 

upon the gastrointestinal tract. C. W^vlton Ln-iKHEi. 

Dept, of Surgery, Univ. Hospital, Univ. of hlinne- 

sota, Minneapolis. 

Following complete removal of the ceh'ac, superior, 
and inferior mesenteric ganglia in dogs, there invariably 
occurs a fulminating diarrhea associated ndth bloody 
stools and the passage of increased amounts of mucus. 
Extirpation of these ganglia, also referred to as preverte- 
bral ganglionectomy, removes essentially the post- 
ganglionic sympathetic fibers from the stomach, small 
intestine and colon and results in a high mortality in 
the dogs within the first 2 to 3 weeks due to the resulting 
inanition and to the patliological changes which occur 
such as severe gastrointestinal hyperemia, hemorrhagic 
enteritis, colitis, and in J to J of the dogs the develop- 
ment of typical appearing peptic ulcers located for the 
most part in the stomach and duodenum, but occa- 
sionally as far down as the terminal ileum. These 
ulcers likewise often progressed tb hemorrhage or per- 
foration. The simultaneous excision of the vagi nerv'es 
along with prevertebral ganglionectomy prevented in 
all animals the development of peptic ulcers and gastro- 
enteritis. The essential physiological changes follow- 
ing postganglionic sjmnpathectomy of the gastrointes- 
tinal tract are discussed and compared with the effects 
of preganglionic sympathectomy upon the gastrointes- 
tinal tract. 

In vivo iodination of tissue protein following injection ot 

elemental iodine. H. J. Lepner and S. B. Barker. 

Dept, of Physiology, State Univ. of Iowa, Iowa City. 

Subcutaneous injection of elemental iodine, dissolved 
in propylene glycol, caused an elevated plasma pro- 
tein-bound io^ne (PI) in normal, thiouracil-treated 
or thyroidectomized rats. At least some of the PI 
appears to be thyroxine, since the metabolism of the 
biTJothyroid animals was increased during the period 
of the injections. The possible role of various organs 
of the animal body in the elaboration of the PI was in- 
vestigated by comparing the tissue PI levels for kidney, 
liver, muscle, heart and thyroid with that found at the 
site of injection. There can be little doubt that iodina- 
tion of tissue protein took place primarily at the site of 
the iodine injection, since this PI value was several 
hundred times greater than any^ other. The concen tra- 
tion of PI in the kidney was elevated to about the same 
extent as in plasma, but the liver to a considerably' 
smaller extent. In addition to not being necessary for 
the iodination reaction being studied here, the thyroid 
gland appears not to participate, even when present. 



452 


SOCIETY PROCEEDINGS 


Volume J55 


Proprioceptive reflexes and muscle coordination. G. N. 
LooFBOtTRROW AOT E. GELtnORN. Laboratory of 
Neurophysiology, Univ. of Minnesota, Minneapolis. 
The same functional associations of limb muscles 
found by Bosma and Gellhom to respond to stimulation 
of specific sites in the monkey’s motor cortex may be 
activated on a spinal level by muscle stretch. By 
means of electromyography it may be demonstrated 
that the triceps and the flexors carpi show a reflex con- 
traction as a result of passively flexing the elbow. After 
tenotomizing the triceps, neither it nor the flexors carpi 
respond to elbow flexion, showing that the response of 
both depends upon proprioceptive reflexes originating 
in the stretched triceps. A pull on the tendon of the 
triceps again elicits activity in both muscles. Stretch- 
ing the flexors carpi, cither by dorsiflexion of the wrist 
or direct load, excites the same complex. The biceps- 
extensor complex is activated by elbow extension, even 
after tenotomizing the extensor carpi. Stretching an 
extensor carpi by a load on its tendon, or by volar 
flexion of the wrist also excites the complex. If a re- 
flex be evoked by electrical stimulation of an alTercnt 
nerve, it too excites one complex or tlie other, depend- 
ing on the nerve chosen. Facilitation of the response 
of the ‘associated sjmergists’ in such a complex results 
from proprioceptively ‘favoring’ one or more muscles 
in it. The ‘favoring’ has been done by loads applied 
individual muscles, and by fixation of joints in a posi- 
tion to place certain muscles under stretch. This 
facilitation has been shown to hold for the semitendino- 
sus-tibialis complex in the hind leg, as well as for the 
biceps and triceps complexes. 

Conversion of lactate to liver glycogen in the intact rat, 
studied with C''-labeled lactate. Victor Lorber, 
Nathan Lifson, Harland G. Wood (by invitation) 
AND Warwtck Sakasq (by invitation). Dept, of 
Biochemistry, Western Reserve Univ., Cleveland, 
Ohio, and Dept, of Physiology, Univ. of Minnesota, 
Minneapolis. 

The metabolic path linking lactate and liver glycogen 
has been investigated in the intact rat. C^’ILC'’- 
HOHCOONa and CHjC'=HOHCOONa were given with 
glucose by stomach tube to fasted rats. The resulting 
liver glycogen was isolated, hydrolyzed to glucose, and 
the position of the C’ in the glucose molecule deter- 
mined ( 7 . Biol. Client. 159: 475, 1945). The distribu- 
tion of isotope in the glucose is indicated in the table. 
Values are in atoms % excess C'®. 

TYPE or LACTATE TED O* IK THE GLUCOSE EEACnOKS 

carbons 3,4 carbons 2,5 carbonsi,<5 

CHjC'^OHCOONa 0.05 0.27 0.18 

OTLC’^HOHCOONa... 0.15 0.60 0.59 

The distribution of isotope in the glucose in both 


types of experiment is consistent with the reactions of 
glycolysis and the tricarboxylic acid cycle as the main 
paths for the conversion of lactate to glycogen. In- 
terpreted on the basis of these reactions, the distribu- 
tion of isotope in the 1,6 and 2,5 carbons of the liver 
glucose in the a-labeled lactate e.xperiment 
.18.27 .2718. 

(C*C‘C'C-C'C) results from the summing of two 

.09 .09 

types of isotopic glucose, (a) C-C-C-C-C-C, and (b) 
.18 .iS .1S.18 

C-C'C-C'C-C, where the superscript actually rep- 
resents the relative contribution of excess made to 
the final glucose. Glucose (a) is formed directly via 
the reversal of glycolysis. Glucose (b) is formed from 
lactate which, via pyruvate and CO- fixation, has 
entered the tricarbox>'lic acid cycle. Four times as 
much isotope is seen to have traversed the latter path 
as the former. Assuming that glycolysis and the tri- 
carboxylic acid cycle are the main pathways of conver- 
sion, four mols of administered lactate traverse reactions 
of the tricarbo.x>'lic acid cycle prior to glycolysis for 
each mol that is converted to glucose directly via 
glycolysis. 

Effect of acute anemia, of anoxemia and of convulsions 
upon (he temperature of (he hypo(halannis of (he ca(. 
Hans Lowenbacii. Depts. of Neuropsychiatry’ and 
Physiology’, Duke Univ. Hospital and School of 
Medicine, Durham, N. C. 

Thermo-electric measurements were made in the 
brain of 43 cats under light nembutal anesthesia. 
Compression of the common carotid artery’, either on 
one side or on both sides simultaneously, produced a 
prompt and marked increase of the temperature in the 
hy’pothalamus and adjacent rhinenocephalic structures. 
The temperature rose usually’ about h of i‘’C. within 
two minutes, but occasionally’ greater changes were ob- 
served. In the thalamus and in other cerebral tissue 
above the hy'pothalamus, tlie temperature increase 
was smaller and it was delayed in proportion to the 
distance from the hy’pothalamus. In and near the 
cerebral cortex, the temperature fell during occlusion 
of the carotid artery’ and rose after readmission of 
blood. AsphyTda and convulsions induced by various 
means, produced a comparable increase in heat produc- 
tion in the hypothalamus. 

Effect of antihistamine drugs on the flares produced in the 
skin of normal human beings by burning and freezing. 
Alexander Lowy antj Charles F. Code. Mayo 
Clinic, Rochester, Minn. 

Lewis and his co-workers have shown that a triple 
response invoK’ing the production of i) a red spot, 2) 
a wheal at the site of the red spot and 3) a surrounding 
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flare is the standard stereotyped response of the skin to 
minor injury and that the response is due to the libera- 
tion of an H-substance which is either histamine or a 
substance closely resembling histamine. As a means 
of further elucidating tlie mechanism of this reaction 
to injurjf we have studied the effects of antihistamine 
drugs on the flare component of the triple response 
produced by burning or freezing the skin of normal 
human beings. The flares that we obtained in response 
to burning were small and the antihistamine drugs had 
no effect on them. Because of the minimal response 
that we obtained, definite conclusions regarding the 
action of these drugs on burning are not being drawn. 
The results obtained with freezing however were de- 
cisive. Large, uniform flares were routinely obtained. 
These were consistently inhibited by the presence of 
antihistamine drugs. 

Prophylaxis and iherapeusis of experimental renal hyper- 
tension with purified renin. J. M. Marshall (by 

invitation), Hiroaka Minatoyd (by invitation), R. 

0 . Burns (by invitation) and G. E. Wakerlin. 

Dept, of Physiolog}', Univ. of Illinois College of 

Medicine, Chicago. 

Previous studies of the effects of crude hog renal 
extracts on renal hj’pertension in the dog have shown 
that the injection of certain renin-containing extracts 
could prevent the development of renal hj'pertension 
following renal artery constriction and could reduce 
the blood pressure in dogs with an already established 
hypertension. Antirenin was produced by these ex- 
tracts, but correlation of antirenin with antihyperten- 
sive effect has not been established. In the present 
study a more highly purified preparation of hog renin 
was used, both in prophylaxis and in therapy, to de- 
termine whetlier renin was the active agent in crude 
extracts and to investigate the role of renin in the ini- 
tiation and maintenance of renal hypertension. Hog 
renin was prepared by a controlled ethanol fractionation 
technique. Purity of successive lots ranged from 35 to 
125 Du (Goldblatt) per mg. nitrogen, averaging 
about 75. Blood pressures were determined twice 
Weekly by direct femoral puncture. Antirenin titers 
of serum were determined at monthly intervals. Ten 
dogs were used in a prophylaxis experiment. After a 
control period of pressure determinations tlie dogs were 
injected daily intramuscularly with purified hog renin. 
Seven dogs received 10 Du/kg. daily, and 3 received 3 
Du/kg. After 3 months the right renal artery was 
constricted by a Goldblatt clamp. Three weeks later 
the left renal arterj"^ was constricted. Renin injections 
were continued for i month following tlie second clamp- 
ing, in surviving dogs. As a control group, 9 normal 
dogs were bilaterally clamped in exactly the same 


fashion. Results in the 2 groups differed markedly. 
All 9 controls became hypertensive, giving elevations of 
30 to 60 mm. Hg. in the first week following the second 
clamping. These dogs had only mild transient impair- 
ment of renal function (maximum blood urea nitrogen 
values below 60 mg, %). The 10 dogs treated prophy- 
lactically showed severe renal insufficiency after the 
second renal artery constriction, with values of 60 to 
250 for b.u.n. Seven of the 10 died in 3 to 9 flaj's in 
typical renal insufficiency. Three survived and re- 
covered adequate renal function without elevation of 
blood pressure. Of the 10, only 2 showed any rise in 
pressure (20 and 40 mm.). These had low antirenin 
titers (6 DAu/ml.). The maximum antirenin titers of 
tire other 8 dogs ranged from 3-120 DAU/ml. 

Production and closure of atrial septal defects in the dog: 
Observations on atrial pressures. William B. 
Martin and Hiram E. Essex, Div. of Experimental 
Medicine, Mayo Foundation, Rochester, Minn. 

A procedure was devised in dogs which resulted in 
large atrial septal defects. A knife was introduced into 
the right atrium through the auricular appendage, the 
tip advanced to the septum and tins structure incised. 
Right atrial pressures taken by a water manometer 
averaged 3.8 cm. in a series of 9 normal dogs witli open 
chests. Left atrial pressure in a series of 7 normal dogs 
with open chests averaged 6.3 cm. H2O. In 6 animals 
in which the pressure in both chambers was measured, 
the left reading exceeded tlie right by an average of 2.6 
cm. H2O. In a series of 5 animals with proved septal 
defects in which both right and left pressures were re- 
corded within a few minutes of each other the left ex- 
ceeded the right by an average of 4.3 cm. H2O. In 3 
of 4 dogs with proved atrial septal defects the right 
mid-atrial sample of blood exceeded the anterior vena 
cava sample by 2.5, 5.1 and 5.9 volume % of oxygen. 
For closing the atrial septal defects a piece of polythene 
sheeting covered with an inverted segment of vein was 
introduced into the right atrium and brought into ap- 
position to the atrial defect. Three silk sutures with 
straight needles were attached to the graft and intro- 
duced separately into the right atrium through a small 
incision. The needles were brought out of the chamber 
at points in the plane of the atrial septum. The graft 
became endothelialized within two weeks. The atrial 
defect closed spontaneously behind the graft within 
one month. 

Efiect of prostiginine on intestinal motility in human 
beings. John M. McMahon, Charles F. Code, 
William G. Sauer and J. Arnold Bargen, Mayo 
Foundation and Clinic, Rochester, Minn. 

A study has been made of the effect of prostigmine on 
the motility of the bowel in a series of human volunteers. 
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Detailed observations were carried out on 5 subjects. 
One of these had undergone ileostomy and 4 had under- 
gone colostomy. The motility of the bowel was re- 
corded by means of a tandem balloon system connected 
•with a glass-spoon manometer which recorded optically 
on a photographic camera. The balloon system con- 
tained both water and air. The recording allowed tlic 
determination of the effect of prostigmine on the 
amount of activity present in the bowel, the tj^^es of 
contractions, their rate, duration and amplitude and 
the co-ordination between contractions by adjacent 
segments of the bowel. After the intramuscular in- 
jection of o.s mg. of prostigmine methyl sulfate an 
effect on the bowel was noted in from two to eight min- 
utes. This consisted of a definite change of the char- 
acter of bowel activity. There '\vas a decrease in the 
number of type i and type 3 contractions and an increase 
in the number of type 2 contractions. The average 
height of tlie type 2 contractions increased and the 
incidence of co-ordinated type 2 contractions rose. 
The proportion of each hour that the bowel was active 
was no greater after tlie drug than before. Thus 
prostigmine shifted motility toward propulsion which 
was indicated not only in the recordings but also by the 
expulsion of feces and gas. 

Local factors influencing deep rectal temperatures in man. 
Jeee Mead and C. Laweence BoiUDVErro (intro- 
duced by H. S. Bei-ding). Quartermaster Climatic 
Research Laboratorj*, Lawrence, Mass 
In experiments in this Laboratory in which rectal 
temperatures of men were studied, temperatures re- 
corded at the tip of a 6-inch flexible rectal catheter 
have been as much as i°F. lower than temperatures 
recorded immediately thereafter as shallower insertions. 
Studies have been conducted in an attempt to illucidate 
this seemingly paradoxical phenomenon and indicate 
its influence on rectal temperature as an index of im- 
temal body temperature. In 8 individuals studied 
under a variety of conditions of heat balance and im- 
balance, temperatures near the tip of a flexible catheter 
inserted 8 inches through the external anal sphincter 
were, in almost every instance, lower than temperatures 
recorded at intermediate points along the catheter. 
De'viations observed varied from 0.1° to i.s°F. and were 
greatest in individuals whose body temperature was 
falling relatively rapidly (e.g. 2.5°F. in 20 minutes). 
X-ray films showed the tip of the catheter in a majority 
of instances to lie near the postero-lateral wall of the 
pelvis. Adjacent to the terminal portion of the 
catheter on the pelvic wall lies the hypogastric vein 
and its branches. These vessels cany blood passing 
from the surface of the buttocks, the upper legs and 
external genitalia. Wflien these surfaces -were subjected 


to temperatures above body temperature the diflerence 
in temperature along the catheter was reduced to 
c.r^F. When these surfaces were cooled below body 
temperature the temperature at the tip of tlie catheter 
dropped more rapidly then the other rectal tempera- 
tures. It was concluded that cooled venous blood was 
chiefly responsible for the deviations of temperature 
noted. Temperatures obtained anteriorly in the rec- 
tum near the midline should be suflicicntly distant from 
the pelvic walls o as to be uninfluenced by cooled venous 
blood returning from the surface of the body. 

Inhibition of brain dehydrogenases by anticholinesterases 
M. Michaelis (by invitation), N. 1. .Vrango (l)y in- 
vitation) AND R. \V. Gerard. Dept, of Physiolog>', 
Univ. of Chicago, Chicago, III. 

The pharmacological actions of drugs with a known 
anticholinesterase activity arc commonly attributed to 
their inhibition of cholinesterase. Thait effects on 
function need not parallel this inhibition and that other 
actions occur have been found by several workers. Yet 
the report {Biochem. J., 42; 96, 194S) that, of over a 
dozen purified enzymes tested in vitro, only esterases 
were inhibited by fluorophosphonates has seemed to 
confirm this limited and specific action. It is often 
found, however, that inhibitions arc lost as systems are 
purified; even the fluoroacetates, recognized as inhibi- 
tors of oxidations rather than of esterase, are inactive 
on oxidizing enzjmcs in vitro (/. Biol. Chem., 170: 67* 
1947). Moreover, other work from this laboratory 
has demonstrated an inhibition of ner\'c and brain 
respiration by anticholinesterases at physiologically 
cflcctivc concentrations. IVe have, accordingly, ex- 
amined tlie action of DFP (di-isopropyl-fluorophos- 
phate), TEP (tetraethylpyrophosphate),and ES (eserine 
sulphate), all powerful anticholinesterases, and of 
MFA (methylfluoroacctate), a metabolic inhibitor, on 
dehydrogenase activity of brain and nerve. The 
Thunberg mctliylene blue reduction technique was used 
and decoloration times obtained for tissue homogenate 
blanks, tissue plus each of eleven substrates, and tissue- 
substrate plus eacli of the inhibitors at concentrations 
from lo""* to 2 X io~® M. Even at the lowest concen- 
tration, DFP inhibited the oxidation of succinate, 
lactate or glucose by about 15%, and TEP inlubited 
glucose by 25%, while MFA inhibited glucose, citrate 
or malate 10 to 20%. At 10"^ M, DFP inhibited all 
deh3'drogenases, from 90% for glucose, to 5% for 
citrate; TEP inhibited all but two, succinate and glu- 
tamate, glucose being most affected, with 60% inhibi- 
tion; and MFA inhibition was greatest on malate, 30%, 
and zero for lactate. ES was inhibitory only at con- 
centrations above 2 X io~®, glucose being again most 
sensitive. The anticholinesterase drugs thus possess 



December ip4S 


ABSTRACTS OF PAPERS 


455 


other actions wHich must be considered in explaining 
their pha^nacolog>^ DFP and TEP are at least as 
effective in inhibiting brain deh3"drogenases as is the 
non-antiesterase, MFA. 

Resistance of explanted gastric vutcosa to various chemical 
and physical agents. John Regis Miller, J. F. 
Herrick, Frank C. Mann, John H. Grindlay, and 
James T. Priestly. Divs. of Experimental Medi- 
cine and Surgerj', Mayo Foundation and Clinic, 
Rochester, Minn. 

Many methods have been devised to study the gastric 
mucosa and its secretions since Beaumont reported his 
classic obser\'ations in 1833. In order to study the 
local effects of various chemical and physical agents on 
the gastric mucosa, sizeable portions of the fundi of 
dogs’ stomachs were explanted to the abdominal wall. 
The presence of acid on these vagotomized explants in 
response to a meal or to histamine stimulation was used 
as a test of function. Zinc chloride, tannic acid, sodium 
morrhuate, oil of peppermint, protamine, water soluble 
vitamin K, quinone and various pituitary preparations 
were applied directly to the mucosa by means of gauze 
sponges. The effects of various physical agents includ- 
ing hyperthermia, microwave diathermy, ultrasonics 
and ultraviolet irradiation on the function of the pari- 
etal cells of the explanted mucosa were noted. Gross 
observations w’ere recorded and when indicated biopsies 
were taken and microscopic sections examined. Strong 
escharotics produced widespread destruction of the 
mucosa, but progressive return of function over a one- 
year period was observed. The mucosa was found to 
recover rapidly from the effects of local vasoconstric- 
tion, local heating, ultraviolet and bodily temperatures 
ranging as Mgh as 108°. Ultrasonics caused a tem- 
porary suppression of the secretion of the parietal cells. 

Clinical and experimental aspects of the use of fluorescein 
dyes to diagnose central nervous system tumors. 
George E. Moore. Dept, of Surgery-, Univ. of 
Minnesota, Minneapolis. 

Fluorescein, a highly fluorescent add chromagen dye, 
has been used to help differentiate normal and malig- 
nant tissues. The most consistent results have been 
obtained in the examination of brain tumors. Tumor 
tissue secured from suspected areas by aspiration needle 
biopsies are readily recognized by the exaggerated 
fluorescence observed under ultra-violet light. Both 
glioma and meningioma groups of brain tumors have 
been recognized correctly- as tumor tissue. The ex- 
pediency and ef&ciency of this method is self evident; 
fewer microscopic sections are required, the time saved 
IS considerable, and the neurosurgeon can check all 
parts of the needle biopsy for tumor. To date this 


procedure has been used in 65 cases; two errors in diag- 
nosis have been made. More recently various iodine 
substitution products of fluorescein have been sym- 
thesized. Attempts to use radioopaque dye (tetra- 
iodophthalic fluorescein) for the direct localization of 
brain tumors by roentgenography- have not been uni- 
formly- encouraging. Radioactive diiodofluorescein 
(Ii3i) has been employed in an effort to diagnose and 
localize brain tumors before operation. Dye containing 
approximately i millicurie of activity- is injected intra- 
venously- and following a 2-hour interval, counts are 
taken over sy-mmetrical areas of the head by means of 
a specially- shielded Geiger-Mueller counter. The 
source of greatest activity- can then be triangulated. 
Tumors less than 3 cm. in diameter cannot be detected 
by our present methods unless they- are superficial and 
surrounded by an appreciable amount of edema. In 
addition small tumors situated at the base of the brain 
and near the midline are difficult to localize. The rea- 
son for the differential predilection of central nervous 
sy-stem lesions for fluorescein dyes is not at all dear. 
The so-called blood-brain-barrier play-s a part, if not 
the major role, in the process. 

Coagulation time of whole blood as measured in silicone 
coated tubes before and after various surgical procedures. 
J, L. Morgan (by invitation). Nelson W. Barker 
(by invitation) and Grace M. Roth. Sections of 
Internal Medicine and Physiology-, Mayo Foundation 
and Clinic, Rochester, Minn. 

An objective method for determining the coagulation 
time of w-hole venous blood was designed combining the 
use of silicone coated tubes rvith the coagulochronome- 
ter as described by Barker and Barker {Proc. StOrff 
Meet. Mayo Clinic, 23 : 230-233, 1948). The tubes used 
w-ere screw cap glass vials sealed by bakolite caps and 
were designed by the Kimble Glass Co. Syringes, 
needles and tubes were coated with General Electric 
‘Dri Film 9987’. The mean value for the coagulation 
time of whole blood as determined by this method em- 
ploy-ing fifty-one normal subjects was twenty-five 
minutes. Twenty-five patients were studied by- coagu- 
lation time determinations done on the day before 
operation, and the second, fourth, sixth, and eighth days 
after various surgical procedures. No imiform changes 
were noted in the coagulation times of these patients on 
the different days after the surgical procedures. One 
patient died of a massive pulmonary- embolus on the 
seventh postoperative day and no change was noted in 
the coagulation time of the blood of this patient. 
Therefore, by- this method, w-hich incorporates a pro- 
longed normal value of the coagulation time of w-hole 
blood, no uniform changes of the coagulation time 
could be detected after surgical procedure and no pre- 
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dicticus of iinpsndirc 'i'tmcus 
mzda. 

Xilrorrn bnl^ncc IrAa^ cr.d iyMndc cdicr. in rc/r 
Tccth-ing cmr.o ccid vdTiuTc: Jc-- in i:dt-;cir.f, 
v:dhim::r.it cr ■z-jlinc. E. S. Xassett Jos2?n T. 
Ai.DrESO;.'. Dep:_ of Ph:-'sioIog}- arrd vltul Ec-o- 
r.omfcs- EdIv. c: RccliKter, Ro-cE'^ter, N. Y. 

X balance and cztrgy rneiao-olism vrerc delenr.fr.ed 
£:!nuItar.tou=::.* on adult rats fed amino acid mixtures 
Y»l:en a 'complete' amino add mixture, simulalina tag 
protein, rras fed after a "-day C-f-free’ diet penod, the 
X hala-nce index nras invariably .meater than unitjn 
Reducing the BL-isoleudne to i resulted in a dgniftcant 
decrease in X balance index and an increase hi SD.Y 
similar reduction in UL-methionine halved the 
balance index '.vithout atfecting the SD.v. Xeiduer the 
reduction cd BL-valine Irj ? nor the sui/stitution o: 
glydne for glutamic add in the mixture caused any 
dgniScant change in X balance index or SD.o. The 


amino acd mixture 
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E.fed c] iopicclly cni zyrlc^icdly cdninirlcrcd pil<>- 
carpint or. Ihi cor.or:zltd irlz cj the cci. Errm 
Xeidle (introduced by lV.ia.-n:?. S. Roorj. Dept, 
of Pir.'siologo'j CoH^e of Pir.'sidans a.nd Szze^ns. 
Go’.umbia ITniv,, Xevr Yod: City. 

Tmenty- 5 ve cats, su'ojected to imilateral removal of 
tne clizry ganglion, -rrere used to demonstrate the 
‘sensidzatiom phenomenon ('paradoxical pupil con- 
striction'; to piiocarpme. The drug mas either apphed 
topicallv- into each co.njunai'.-a! sac at c.oa m-gm, or 
administered r.-stemically into the femoral vein at c_i 
“g/hg. 01 body vreignt. These doses mere chosen be- 
cause the denem-ated pupil responds 'oy msT-lrn ^^ con- 
striction to these doses vreereas the nonnal pupil, mhich 
sem-ed as a control, shov/ed no response. Cmain dif- 
terences ha-ve been o'ceer/ed in the reactions of the de- 
ner.-ated Iris to topical and so-stemic aaministraticn of 
piiocarpme and tnese are Dneny; i) the latent period 
for the action of p^ocarpir.s given tcpicaby is ionaer 
than for intra-.-enous adrdnistratfon; 2; ntaximal sensi- 
tization to topical pilocarpine loUo—s immediatelv 
after operation -.“hUe maximal sensitization to intra- 
venous pilocarpine develops six to eight days fol;<r.dng 
dener.ation; 5; the resporae o' * 
topical pilocarpine is at all time 
lasting tnan is its response to intravenous t>i 


IVrHr.'ir ryj 

age of time or as a result of repeated doses of the drug, 
vrhercas, in the same animat, the response to intrave- 
nous pilocarpine appears to decTca.se vdth repeated 
do.sage. This finding prol/zhiy ca.nr.ot ije explaincrj r.n 
the basis of possible regeneration to the sphincter since 
in only three of the 25 cats in the series was there any 
decreas-e in size of the formerly mammaliy dilated pupil 
or any return of light rtf!e.t. In addition, the decreased 
respomse of the pupil after repeated admLnistration of 
the druu docs not seem to \ic related to time irut rather 
to the number of pre-dnus intravenous doses of the 
drug.' 


R'gvdcti'yr. f.J cepiUory prs in sul^ui-zr.fout li-zuc. 
P.sri, A. ZsicoLi. .*u.-xr Rroisno L. Wnsrs foy i.-r.-ita- 
tion}. DeptS- of Physioiog;.- and Anatomy. Indiana 
Ur.iv,, Eloomington, 

The actual characterisilas of 'olood flor." through 
cap:ilarie.s can only '/e determined bo' direct obser.-ation 
of these vessels in a suita'nie field. In the mammals 
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presrure gradient from arte:;.' to vets, dorr behavior in 
a given capillarv is chiefly determined by three factors; 
First and most i.mportant is the nature of the aettve 
vasomotitm exhibited 'oy the ruppMng artemok and 
precapillary sphincter. This of course ceteenuned the 
enectua! pressure head at the capfllarv' origin. 
Secondly, the tv-pes of interaction between the en- 
dothelial tubes and the formed elements of the blood 
determine largeh- the rriagnitude of the capillary 
resistance. The Enlrd factor is the venule behavior 
which regulates the now out from the capillaries. 
Active vasomotion is the resuit of contraction or 
relaxatioa of spirally -xound smooth xn'usde cells along 
the arterioles and terminal arterioles. There behavior 
appears regulated by a dvuiamic equEibriam between 
the ceils and their interstidai environment. Xo 
direct nerve connections can be demonstrated, although 
impulses passing along adjacent Sbers do edect their 
be'uavior to some extent. The main regulation appears 
to depend on changes in metaiolites in the ceSs im- 
mediate environment. .Although each cell is an in- 
dependent elector the -usual condition is a rhythmical 
contraction and relaxatfon along an entire terminal 
arteriole. This produos alternate Sow and q-oiescence 
in the capularj- bev-ond. It is suggested that this 
behavior aSows alternating periods of outward and in- 
ward movement of water and dissolv-ed substances 
along the entire capxEary bed. Thus during the peiitid 
ot ccnstirctica the hydrodynamic prKSure factor -rdthin 
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the lumin would fall to zero and the only affective force 
active would be tie solvent diffusion pressure (i.e. 
colloidal osmotic pressure) from interstitial space to 
capillarj'. 

Protein pattern of liver and intestinal lymph. Jamies 
T. Nix. Mayo Foundation, Rochester, Minn. 
Grindlay and Cain (1947) developed a simple, re- 
liable method of intubating lymphatics with polythene 
tubing that has made possible a broader investigation 
of the protein moiety of liver and intestinal lymph. 
Accordingly, the object of this investigation was to 
determine average values for the concentration of 
protein fractions and the rate of protein flow of liver 
and intestinal lymph in the normal dog under constant 
e.rperimental conditions. Obsetwations were made on 
specimens from 13 liver lymphatic cannulations and 
10 intestinal lymphatic cannulations. Average values 
for pure liver and intestinal lymph in the normal dog 
were controlled by blood studies; b}’ comparison with 
mixed liver and intestinal lymph from the thoracic duct 
of the normal dog; by contrast with pure and wdth 
mixed liver and intestinal lymph from dogs with liver 
disease, experimentally produced; by supplemental 
studies on cisternal lymph from the albino rat. Protein 
was fractionated by sodium sulfite precipitation; the 
concentration of protein fractions was measured by 
Rjeldahl technic. 

Time of appearance of flare and wheal after vitraculaneous 
histamine. Eric Ogden, P. A. Clouse, and 
R. V. Murray, Jr. Dept, of Physiology, Univ. 
of Texas Medical Branch, Galveston, and Scott and 
White Clinic, Temple, Texas. 

Using the multiple puncture technique of intradermal 
administration of 1 : 1000 histamine, the authors under- 
took to determine what measurements of the histamine 
reaction would be most reliable and to establish 
normal values for these measurements in subjects with 
no evidence of vascular disease. Attempts to measure 
the response by the size of the flare or wheal were 
abandoned as unreliable, and final correlation of 
measurements was limited to the interval between the 
puncture and the appearance of the response. Seventy 
subjects were tested, ranging in age from 14 to 76. 
Five test sites were used; the brow, epigastrium, volar 
aspect of the forearm, lateral aspect of the ankle and 
the dorsum of the foot. Results were as follows; 
the average times for the flare on the brow, epigastrium, 
and forearm were 21, 25, and 30 seconds, whereas on 
the ankle and foot the times were 55 and 61 seconds 
respectively. The average times for the appearance 
of the wheal were 99, gi, and 96 seconds for the brow, 
epigastrium, and forearm respectively, and for the 
ankle and foot 168 and 159 seconds. There was no 


significant relationship shown between onset of the 
flare or wheal and age. There ivas no correlation be- 
tween the rapidity of onset of the flare and wheal and 
skin temperatures. The ankle and foot showed a 
slower reaction time than the areas on the upper portion 
of the body — approximately twice as long. This 
correlates with the findings of other investigators re- 
garding reactive hyperemia in the forearm and foot. 

Variations in the oxygen tension ayid pH of renal cortex. 
Norxlvn S. Olsen and Henry A. Schroeder. 
Depts. of Biological Chemistry and Internal Medicine 
and the Oscar Johnson Institute, Washington Univ. 
of Medicine, St. Louis, Mo. 

Changes in oxj^gen tension and p's. of renal cortex of 
nembutalized dogs have been measure in vivo. Oxj'gen 
tension was followed by the macro-electrode of 
McCulloch and ps by a modified glass electrode. 
Both kidneys were exteriorized and an adjustable clamp 
placed around the left renal artery. A ps and oxj’-gen 
electrode were placed on the surface of each kidney 
and clianges recorded by means of a D.C. amplifier and 
inkwriter. On slight constriction of the artery, the left 
kidney showed a decrease in oxj'gen tension to about 
20% of the control value and a decrease of about 0.2 
of a ps unit. This was transient, returning to the 
control level in about 15 minutes, while the clamp 
remained tightened. Essentially no changes were 
noted in the opposite kidney. Complete occlusion of 
the artery lowered the oxygen tension of that kidney 
to practically the anoxic state concomitant with a 
decrease of over 0.5 of a ps unit. In the contralateral 
kidney there seemed to be a slight significant rise in 
oxygen tension and no change in ps. These changes 
remained at their altered levels tmtil the clamp was 
released, whereupon they returned to their former 
values. Varying degrees of constriction gave inter- 
mediate results. The intravenous injection of loy of 
epinephrine temporarily decreased the oxygen tension 
of the renal cortex. By constricting the left renal 
artery the epinephrine effect was lessened in that 
kidney. On complete occlusion no change in oxygen 
tension could be elicited by this amount of epinephrine. 
The response of the opposite unconstricted kidney to 
the drug w'as not altered by any degree of clamping. 

Effect of intravenous procaine on the heart. M. J. 
Oppenheuier, Joan H. Long, Mary R. Wester, 
Thomas M. Durant. Temple Univ. School of 
Medicine, Philadelphia, Pa. 

Single therapeutic intravenous does of procaine 
(4 mg/kg.) usually produce no change in the electro- 
cardiogram, heart sounds and blood pressure in an- 
esthetized dogs. An increase in T w’as found 
occasionally. At 8-10 mg/kg. T was consistently 
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changed, usually higher, accompanied by lower voltage 
in R, increased voltage in S, with formation of ‘J’ in 
precordial leads. At 20 mg/kg. QRS was wider, in- 
creasing five-fold in width up to Oo mg/kg. Doses of 
30 mg/kg. increased PR intervals. At 50-60 mg/kg. 
ventricular tachycardia resulted. Provided artificial 
respiration was maintained tlie above changes were 
reversible even though blood pressure was very low. 
At 60-80 mg/kg. ventricular tachycardia, flutter and 
fibrillation appeared in sequence and artificial respira- 
tion was of no avail. One dog with an abnormal heart 
fibrillated at a much lower dose. Blood pressure, pulse 
pressure and heart sounds are decreased as QRS 
widens. This indicates a decreased force of con- 
traction. Spontaneous respiration ceased at 30-40 
mg/kg. Serum potassium was unchanged at all doses. 
The extensive intraventricular block with high doses 
should be stressed in relation to preexisting arrhyth- 
mias and subsequent ventricular fibrillation. 

Factors related to voluntary ventilation capacity. A. B. 

Otis ajtd W. C. Beiibower (by invitation). Dept. 

of Physiology', Univ. of Rochester, Rochester, N. Y. 

The maximum voluntary' brcatiiing frequency for 15 
seconds was determined at various tidal volumes in each 
of s subjects. The data are reasonably well described 
by the equation, T = bVr + To, where T = tlie time 
for one cycle; Vt = the tidal volume; b and To are 
constants. The minute volume is consequently given 
by Vm = Vr/b Vr -r To. This indicates that maxi- 
mum ventilation is performed with the largest possible 
tidal, but the constants arc such that there is little 
gain with tidals greater than 0.3 the vital capacity. 
The value of To is about 0.08 seconds and may represent 
the maximum time required for the neuro-muscular 
mechanism involved to alternate. These equations 
imply that the mean velocity during a cycle is in- 
dependent of the tidal volume, but this has not been 
determined experimentally by a study of breathing 
patterns. WTien the above tests were performed using 
80% He - 20% Oi as the respired gas, To remained 
practically unchanged but a was diminished and the 
maximum ventilation was larger. The resistance of 
the respiratory' passages to gas flow is therefore a 
factor determining voluntary' ventilation capacity. 
This has been confirmed by simultaneous measurements 
of alveolar pressure and velocity' of flow in 29 subjects 
for whom the voluntary' ventilation capacity and the 
wtal capacity were known. The alveolar pressure 
necessary' to produce a flow of i 1/sec. was taken as a 
measure of resistance. V.V.C. showed a negative 
correlarion with resistance (r = —0.57) and a positive 
correlation rvith vital capacity.' (r = -I-0.79). 


Vascular responses to temperature in the isolated perfused 
hindlimb of the cat. J. R. Papteniikimer, S. L. 
Eversole, Jr. (by invitation) Atm A. Soto-Rivera 
(by invitation). Dept, of Physiology', Harvard 
Medical School, Boston, Mass. 

The temperature of arterial blood supplying the 
perfused hindlimb of the cat was varied over tlie 
range 40 to 5‘’C. .'Is the arterial blood is cooled from 
40 to 2S°C, the blood flow at constant pressure is 
diminished. Below’ about 25°C. however, tlie flow 
increases progressively; at 5-io'’C. the blood flow 
generally exceeds that at 4o°C. If the blood vessels 
arc poisoned with NaCN, these vascular responses to 
temperature arc abolLshcd; in the cyanided limb the 
blood flow’ diminishes with temperature in proportion 
to the diminished fluidity of the blood. Evidence wall 
be given that the vessels in the paw and skin respond to 
cold by vasoconstriction whereas the muscle vessels 
progressively dilate as the temperature is reduced. 
At 4o‘’C. the paw accounts for about 30% of the total 
flow through the limb whereas at 25°C. it accounts for 
less than s% of the total flow. Air injected into the 
femoral artery' normally appears in the saphenous vein 
in the form of large bubbles. However, if the paw is 
c.xcluded from the circulation or if the blood is cooled, 
then the intra-arterial injection of air cflcctivcly' blocks 
the circulation. Evidently flow in the paw is through 
large blood vessels, presumably' arterio-venous anasta- 
moses, which constrict when exposed to cold blood. 
The direct constrictor eflect of cold on the blood vessels 
of the superficial tissues (in contrast to the dilator 
action of cold on the blood vessels of the deep tissues) is 
of obvious importance to the control of body 
temperature. 

Studies of the anti-heparin compound, protamine. 
Tnoims W. Parkin and Hirah E, Essex. In- 
stitute of Experimental iMedicine, May'o Foundation, 
Rochester, Minn. 

It has been known since 1938 that certain protamines 
will neutralize heparin in vitro and in animals. At the 
time this investigation was started, there were no re- 
ports in the American literature concerning the clinical 
use of protamine for the neutralization of heparin. 
The purpose of this investigation was to determine by 
animal studies the toxicity of the protamine, sahnine. 
It is of interest to note that protamines have been 
proposed recently' for the treatment of hemorrhage 
occurring in certain cases of thrombocytopenic purpura. 
The intravenous injection of the protamine, sahnine, 
produced toxic effects in the guinea pig, rabbit and dog 
when large doses were used. The principal to.xic 
effects in the guinea pig were the result of broncho- 
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constriction and tlie lethal dose ^vas 6.0 mg/ioo 
gm. of bodj’’ weight. The principal toxic effect in tlie 
rabbit and dog was a fall in the arterial blood pressure. 
Intravenous injection of salmine also produced con- 
striction of the blood vessels in tlie ear of the rabbit; 
this effect was observed through a transparent window 
placed in the ear. Concomitant with the fall in 
arterial blood pressure which occurred in the dog after 
the intravenous injection of salmine, an increase in the 
portal venous pressure was observed. The fall in the 
arterial blood pressure which occurred in the rabbit and 
dog was prevented by the intravenous injection of 
diphenhydramine (benadryl) shortly before the pro- 
tamine was injected. This evidence suggests the 
possibility that release of histamine may be a factor 
responsible in the production of toxic effects following 
the intravenous injection of salmine. Intravenous 
injection of salmine promptly neutralized the antico- 
agulant effect produced bj' intravenous injection of 
heparin in the dog. The anticoagulant effect produced 
by the intramuscular injection of heparin in Pitkin’s 
menstruum in the dog was temporarily abolished by the 
intravenous injection of salmine. 

Changes in heart rate, blood pressure and electrocardiogram 
in dogs during difusion respiration, Thosus M. 
Pabuy (by invitation), Joseph N. Spencer (by 
invitation), Richard W. Whitehead and Williaii 
B. Draper. Dept, of Physiology and Pharmacology, 
Univ. of Colorado Medical Center. 

Fifteen experiments were conducted in which the 
changes in the heart rate, blood pressure and electro- 
cardiogram were observed in dogs during diffusion 
respiration. In addition to a severe respiratory 
acidosis, the circulation during diffusion respiration is 
subjected to other abnormal and presumably injurious 
influences, viz.: an overdose of pentothal sodium, the 
absence of the respiratory movements and of the 
‘pulmonary-vascular pump’, a high degree of blood 
concentration and, from the 30th minute onwards, a 
progressively increasing hypoxemia. Following a 45- 
minute period of denitrogenation apnea was produced 
and maintained by the administration of an overdose of 
1% pentothal sodium (ii expers.) or by a combination 
of intocostrin and pentothal sodium (4 expers.). At 
intervals during the experiment the ^h of tlie ab- 
dominal arterial blood was determined and electro- 
cardiogram tracings obtained. The femoral arterial 
blood pressure was continuously recorded by means of 
a mercury manometer. The establishment of apnea 
was not accompanied by significant changes in the heart 
rate. The systolic blood pressure during diffusion 
respiration showed an initial fall but thereafter was 


well maintained during the period of respiratory arrest 
The electrocardiogram revealed the presence of ventric- 
ular extrasystoles during the first phase of diffusion 
respiration which disappeared during the latter phase 
of apnea. Altliough diffusion respiration proceeded 
satisfactorily when a combination of pentothal sodium 
and intocostrin was used to produce apnea the more 
severe initial drop in blood pressure and greater dif- 
ficulty in resuscitation makes its use for this purpose 
inadvisable. 

Analysis of skin, muscle and brachial arterial blood 
temperatures in the resting normal human forearm. 
Harry H. Pennes. Psychiatric Institute of New 
York, New York City. 

Temperatures were measured by radiometric and 
thermocouple techniques in 64 basal, almost nude 
male and female subjects prone on a hospital bed, the 
right forearm supported in air. Identical air and 
wall temperatures ranged from 25.o-27.s‘’C.; air 
relative humidities from 45-75%, with linear air 
veolocity below 20 feet per second. In 10 subjects 
brachial arterial blood temperatures (average 36.68°) 
were 0.00 to 0.36° higher than maximum deep forearm 
temperature (average 36.52°). Skin temperature 
gradients on the superior surface of the longitudinal 
axis of the forearm averaged 0.03° per cm. in 14 sub- 
jects. Gradients in 17 subjects around the forearm 
circumference were highly irregular; average maxi- 
mum difference between any two forearm points was 
1.2° for the group. Temperature curves through the 
complete transverse forearm axis were approximately 
parabolic. Lack of perfect circular symmetry of the 
curves precluded individual logarithmic analysis. 
Theoretical thermal distributions in solid tissue cj^lin- 
ders were plotted by combining the general differential 
equation of heat flow in homogeneous, isotropic con- 
ductors, the Fick principle of physiology, and the 
Newton Cooling Law. Principal assumptions made 
were uniformity of rate of tissue heat production, 
volume flow of blood, and thermal equilibration con- 
stant between capillary blood and tissue. Closest 
approximation of the mean experimental tissue tem- 
perature curve was obtained with substituted values 
of local heat production of 0,0001 and blood flow of 
0.0002-0.0005 e.g.s. units, both of which values agree 
closely with experimental data reported by other 
workers. 

An improved method for recording capacitance changes 
accompanying the cardiac cycle. Edward Perl 
(by invitation) and William V. Whitehorn. 
Dept, of Physiology, Univ. of Illinois, College of 
Medicine, Chicago. 
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The use of capadtative changes in a condenser %vhosc 
field contained the heart to study variations of cardiac 
volume was first suggested hy Atzler and Lehmann 
{Arleitsphysiol., 5:636, 1932). Capacity of such a 


condenser is given by; C = 


0.0885 


A K 

K{D-T)-\- T 


where A = area of plates, K = dielectric constant of 
the chest, D = distance between plates and T = 
thickness of the chest. Varying amounts of blood 
in the heart and vessels in the field during the cardiac 
cj'cle change K, thus altering capacity. Difficulties 
in previous methods of measuring these changes were 
primarily in adjustment and lack of stability and 
linearity of response. \Vc have emploj'cd newer 
technics to circumvent these obstacles. The con- 
denser was incorporated in the frequency determining 
circuit of an oscillator. Its output was passed through 
a broadband amplifier and a limiter circuit and fed to a 
discriminator which converted the change in frequency 
to a D. C. voltage which linearly represented capacita- 
tive variations. This was amplified and recorded on a 
string galvanometer. An oscillator frequency of 10.7 
megacycles was chosen to obtain simplicity of circuits, 
large output and minimum loss current through the 
poor dielectric of the chest. The apparatus is simple 
in adjustment and operation and gives consistent, 
reproducible and linear records in both model and 
human e.xperiments. 


Cerebral projections to cerebellar nuclei with special 
reference to area 4 S. Eric W. Peterson, Ray S. 
Snideh. and Warren S. McCuLtocn. Dept, of 
Psychiatry, Univ, of Illinois School of Medicine, and 
Dept, of Anatomy, Northwestern Univ. Medical 
School, Chicago. 

By local applications of strychnine to several cortical 
areas and enough pick-up electodes on the cortex to 
define the areas stiy'chninizcd, the depths of the 
cerebellum were grouped with bipolar electrodes in a 
stereotactic instrument and the positions of recordings 
in it verified histologically. The results indicate that 
there is a strong projection from areas 4s and perhaps 
6 to the homolateral as well as a weaker projection to 
the contralateral nuclei. If there is a projection from 
area 4 it resembles that via the motor horn cells to the 
muscles, for strychnine spikes to the cerebellar nuclei 
are evoked from 4 only when twitches in the muscles 
are present. 

Intra-arterial changes in pressure before, during, and after 
exercise. L. H. Peterson, T. G. Schnabel, Jr,, 
H. Fitzpatrick and H, C. Bazett. Dept, of 
Physiology, Univ. of Pennsylvania, Philadelphia. 
Continuous direct intra-arterial pressures have been 
recorded during strenuous exercise of four types at four 


work levels. Recording is done liirough a flexible 
catheter in the brachial artery, capacitance mano- 
meter and ink writer. Fifteen subjects performed 
step tests (including one athlete) and in addition 4 
subjects performed iiicycic tests (including a national 
bici'cle sprint and distance chapion). The A value of 
the product of pulse pressure and pulse rate (rest to 
c.xcrcisc) was used as an index of changes in cardiac 
output in any single subject. Non-athletes show a rise 
in apparent cardiac output in proportion to the in- 
tensity of work. The athlete’s circulation increases to 
a slightly greater degree than the non-athlete’s doing 
step tests and a markedly greater increase when doing 
the bicycle tests. His diastolic pressure rises ap- 
preciably during the step test, but does not rise while 
riding a bicycle. It appears that the athlete shows an 
increase in cardiac output which is disproportionately 
large, with evidence of more effective vasodilatation 
when doing work for which he is trained. All subjects 
shoiv a fall in total resistance while exercising. When 
exercise ceases tJicre is usually a marked, immediate 
drop in mean pressure with little or no reduction in 
pulse pressure or pulse rate. Tins suggests that the 
simultaneous opening of some additional vascular bed 
offsets the fall in venous return which would result from 
tlie loss of the muscle pump, etc. CO- inhalation 
abolishes this immediate drop. The drop is followed 
by undulations of tlic blood pressure during which 
time the pressure levels and pulse rate arc markedly 
affected by body movements. 

Hyperglycemic activity of pancreatic extracts. I. J. 

PiNCus, S. A. Komarov, W. J. Snare and H. 

Shay. Samuel S. Pels Research Institute, Temple 

Univ. Medical School, Philadelphia, Pa. 

Highly purified as well as relatively crude extracts 
of pancreatic tissue containing insulin arc known to 
elevate blood sugar so as to partially obscure or counter- 
act the insulin activity. Extracts prepared from the 
pancreas of dogs previouslj' treated with alloxan 
produce a more marked elevation suggesting that the 
beta cell docs not elaborate this factor. Similar prep- 
arations of dog and steer parotid glands fail to provoke 
hiyierglycemia. Our studies on insulin inactivated by 
the method suggested by Southerland and Cori re- 
vealed that intravenous injection of large amounts of 
inactivated insulin produces a more marked and more 
sustained rise in blood sugar levels than is provoked by 
unmodified insulin preparations. Somewhat less of 
a response is noted after the intraperitoneal injection 
of either of these preparations with, however, a con- 
siderable delay usuallj' present before the peak is 
reached. Subcutaneous injection minimizes the hy- 
perglycemic activity. Inactivated insulin produces a 
hyperglycemia in the pancreatectomized as well as the 
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normal animal; however after hepatectomy and enter- 
ectomy only a continued fall in blood sugar was ob- 
served. NOVO insulin contains only small amounts of 
the hyperglycemic factor. Intravenous injection of 
ver>' large doses of this preparation produces rises in 
blood sugar of very short duration and inactivation 
destroys the small amount of hyperglycemic factor 
present. 

Effect of exercise and body position on the venous pressure 
at the ankle in patients with varicose veins. Albert 
A. Pollack (b3’' invitation), BotvEN E. Taylor (by 
invitation), Earl H. Wood and Thomas T. Myers 
(by invitation). Ma3'0 Foundation, Rochester, 
Minn. 

Direct and continuous measurements of tlie pressure 
in the great saphenous vein at the ankle have been 
made in 13 patients with incompetent veins of the 
lower extremity when in the supine, sitting and standing 
positions, and during walking on a treadmill. Pres- 
sures were determined b3'' means of a strain-gauge 
manometer connected to a pol3'thene catheter inserted 
into the vein through a 17 ga. needle. The average 
pressure with the patient in the supine position was 
S-S ( 5-7 to 14) mm. Hg; in the sitting position, 52 (31 
to 61) mm. Hg; and in the resting, standing position, 
81 (63 to 89) mm. Resting venous pressure at the 
ankle with the patient in tliese positions was sufficient 
to support a column of blood up to tlie third thoracic 
interspace at the sternum. This was also found to be 
true in normal subjects. In 7 patients who had un- 
complicated venous insufficienc3' of the superficial 
S3'stem, walking at i .7 miles/hr. uniforml3’ produced a 
decrease in the venous pressure at the ankle, during 
the first 3 to 6 steps, to an average mean stable value 
of 44 (34 to 56) mm. Hg which was maintained for the 
duration of the thirt3' to sixt3' second period of walking. 
In normal subjects similar exercise decreased the 
venous pressure at the ankle during the first 4 to 12 
steps to a mean stable value of 22 (ii to 31) mm. In 
the patients with incompetent superficial veins, the 
venous pressure at ankle returned to the resting stand- 
ing level within 2.8 (1.2 to 5.5) seconds after the walk 
was completed, as contrasted with the 31 (8 to 57) 
seconds required in normal subjects. In 6 patients 
with a history of ileoferooral thrombophlebitis in 
addition to incompetency of the great saphenous veins 
the pressure decreased during the first three to five 
steps to an average mean stable value of 76.5 (47 to 
96) mm., and increased to an average value of 3 (r 
to 8) mm. higher than the resting standing control 
value within one second after completion of the walk. 

Healing of experimental wounds of the lung. C. B. 
Porter, G. M. Higgins, and 0 . T. Clagett, 
!Ma3-o Foundation, Rochester, Minn. 


Experimental studies were made to determine tlie 
mode of healing of mammalian lung tissue after 
surgical injui3L The present paper covers studies 
made on the lungs of the albino rat, the rabbit and the 
dog. In the rat, simple incisions were made in the 
anterior lung edge and were allowed to heal without 
the use of sutures. .A. second series of incisions in the 
rat lung were sutured and allowed to heal. Vital 
staining was used to delineate the phagocytic cells 
concerned in lung repair in the rat. In rabbits and 
dogs small wedges of lung tissue were excised, tlie 
defects closed with fine sutures, and tlie healing process 
studied. In the rat and dog, healing occurred with the 
formation of a connective tissue scar similar to scars 
elsewhere in the bod3L No regenerative phenomena 
were noted. In the rabbit fibrous healing also occurred 
but was accompanied b3’^ abortive regenerative phe- 
nomena on the part of the injured bronchial tree. The 
end result howerver was a fibrous scar containing no 
new formed pulmonar3' tissue. 

Increase in irritability of a mammalian sensory nerve 
following ischemia. E. L. Porter and J. L. 
Coleman (by invitation). Dept, of PhysioIog3'-, 
Univ. of Texas School of Medicine, Galveston. 
Wharton and Porter {Federation Proc. 6: 181, 1947, 
and in press, Journal of Neurophysiology) have reported 
a method b3'’ which a segment of mammalian motor 
nerve (cat peroneal) can be rendered ischemic at will, 
and repeatedl3’', and tlie effects observed, using con- 
tractions of tibialis anticus muscle as indicator. The 
effect of ischemia for the first few minutes was a marked 
increase in irritabilit3' as indicated b3'’ higher contrac- 
tions of tlie muscle. It has been found possible to 
repeat this procedure on a sensor3' nerve (posterior 
tibial of cat). Reflex contractions of tibialis anticus 
muscle indicate changes in irritability of the nerve 
during and after ischemia. These contractions in- 
crease in height following the clamping of the blood 
vessels. Removal of the clamp after 2-3 minutes 
results in a decrease in reflex contraction height to the 
original level within die following few minutes. The 
e.xpcriment may then be repeated. If the clamp be 
left on the vessels, the contraction heights remain high 
for some 10 minutes and then diminish and disappear 
during another 10 minutes. An interval of a half 
hour or more is then necessar3' before the experiment 
can be repeated. The results indicate that a sensory 
ner\'e behaves toward ischemia just as the motor ner\-e 
does. The reflex contraction of tibialis anticus is a 
part of the flexion reflex. In the acute spinal cat this 
reflex can only be elicited b3' stimuli which would be 
painful to the conscious animals. Our results, there- 
fore, have a bearing on the question of ischemic pain as. 
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for example, that following the plugging of an artcr>’ by 
a thrombus. 

jEJfcct of humidity on the change in body temperature of the 
albino rat during exposure to low atmospheric pressures. 
F. H. Quuiby, N. E. Phillips, B. B. Cary and R. 
LIorgan. Dept, of Zoology and Physics, University 
of Maryland, College Park. 

The body temperature of the rat at reduced pressures 
shows no change when the air supplied to the animal 
contains oxygen at sea level equivalent. However 
when employing normal air there is a significant re- 
duction in body temperature with each drop in pres- 
sure. A definite relationshp between Uic partial 
pressure of oxygen and the body temperature is shovTi 
by two factors; first at each reduced pressure the 
newly established body temperature, once adjusted, is 
maintained as long as that pressure prevails; and second, 
when the animal is returned over the same increments 
to normal pressure the body temperature at each 
pressure is remarkably close to those established at 
corresponding pressures maintained during pressure 
reduction. In moist air the temperature effect of 
pressure reduction is delayed and less severe. The 
average fall in body temperature at 2C0 mm. Hg pres- 
sure is 6.i°C. in drj' air and 2.9°C. in moist air, the 
higher temperature in the case of the latter being due 
to the fact that in humid air the animal can lose little 
heat by evaporation from the respiratory and external 
surfaces. This heat saving effect may result in reduced 
energy' metabolism and a decrease demand for oxygen, 
which in turn may' account for the increased resistance 
which animals in moist air offer to anoxia. 

Inhomogeneity of alveolar air. HERiLtNN Rahn. 

Dept, of Phy'siology, Univ. of Rochester, Rochester, 

N. y. 

Individual alveoli or parts of the lung are neither 
equally ventilated nor circulated thus produemg 
inhomogeneity of the alveolar gases. It is desirable 
to predict the relative O2 and CO: concentrations that 
must exist for the infinite number of ventilation /blood- 
flow ratios in any part of the lung. By combining the 
alveolar ventilation equation (Fenn ’46) with the 
Fid; equation one finds an expression for the alveolar 
CO: or O2 in terms of bloodfiow and ventilation. Thus 
for example the 

.864 X bloodfiow X (V-A) co: 

alv. p CO: = — : q — : . 

alv. ventilation 

Assuming particular venous blood values it can be 
shown that each ventilation bloodfiow ratio produces 
a definite alveolar respiratory quotient. Furthermore, 
all possible simultaneous alveolar O2 and CO: values 
must fall upon a definite curve when the 0: is plotted 


against the CO:. Experimental values agree fairly 
well with the theoretical ones. 

Quantitation of the output of the srweat glands and their 
response to normal stimulation. Walter C. Randall 
AND Warren JiIcCluri: (by invitation). Dept, of 
Physiology', St. lAiuis Univ. School of Medicine, 
St. Louis, Mo. 

Simultaneous observations upon the quantity of 
sweat produced and the number of functioning sweat 
glands on a given area provide data from which an 
estimation may' be made of the quantity of sweat 
discharged by a ‘ly'pical’ sweat gland in the area. 
It should be emphasized that the sweat glands arc not 
continuously active but periodically’ discharge sweat 
upon the .skin surface. During tlic normal sweating re- 
sponses of a subject at rest in a warm environment, tlic 
average output of tlie glands of the arms and legs is 
from .0037 to .0043 mg/min., while that on the dorsal 
surfaces of the hand and foot is .ooz to .003 mg/min. 
It is not known at present whether tliis apparent 
variation rcprc.=cnts morphological or functional 
differences in the responses in tliese areas, but it is 
known that similar relationships exist in the larger 
outputs of the glands when stimulated directly' by 
cholinergic drugs. The preliminary response of the 
sweating mechanism to the stimulation induced by 
mild c,xcrcisc and by' heat is to increase the number of 
functioning glands. If this response proves in- 
adequate to meet the demands of temperature control, 
further evaporative heat loss may be brought about 
by' an increased output of the individual glands over a 
given period of time. 

E^ecl of pyrimidines aiid thio pyrimidines upon liver, 
nudcic acids and regeneration. Daxtd Rapport, 
ATTILIO C/tNZANELLI, iVND RGTH GdILD. TuftS 
College Medical School, Boston, Mass. 

The background of this investigation was the 
possibility tht administered pyrimidines might tend 
to increase the nucleic acid content of liver and its 
regenerative capacity’, and that thiopyrimidincs might 
reverse the effects by' acting as competitive inhibitors. 
The relation to the thy'roid was also studied. One per 
cent by' weight of the various py’rimidines was added 
to the food of 3- to 6-month-old rats for periods of 10 
or 20 days, following which -J- of the liver was removed. 
After 96 hours the animals were killed. Ribonucleic 
acid (PNA) and desoxy'ribonucleic acid (DNA) were 
determined by the method of Schmidt and Thann- 
hauser, as well as total N and percentage regeneration. 
Wet wt./dry' wt. ratio was also determined; it was 
unchanged under all the experimental conditions. 
The chief results were as follows: the administration 
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of uracil and thymine had no effect •whatever. 
Thiouracil, thiothymine and propyl-thiouracil all re- 
duced the regeneration, and after 10 days raised the 
total N, which after 20 daj's of thiopyrmidine re- 
turned to normal. Thiothymine reduced (after 20 
days) botli PNA and DNA; thiouracil and propyl- 
thiouracil had no effect on these. As we reported 
previously thyroidectomy resulted in a fall in PNA 
in tlie prelobectomized liver, and an equivocal fall in 
the percentage regeneration; while feeding dried 
thyroid in large doses (500 mg. daily) increased both as 
well as the DNA concentration. Neither thyroid- 
eclonty nor thiouracil changed this th3'roid effect. 
However, when young animals were thyroidectomized, 
there \vas an unmistakable fall in the regeneration, 
and when dried thyroid was given onl^' in approximately 
replacement amounts (3.4 mg. dailj') the regeneration 
returned to normal, and PNA to above normal. 
Moreover, w'hen thiouracil was given togetlier with 
this amount of dried th3Toid the regeneration was 
again reduced, though not the PNA. We concluded 
that the Uiyroid hormone is a regulator of liver re- 
generation, and that probabh’’ its function can be 
partly taken over in the absence of the gland. We 
also conclude that thiopyrimidines reduce the regen- 
erative capadt3' of liver, thereb3' antagonizing the 
action of the thyroid hormone, probably by an effect 
on the enzymatic process in the liver itself. The 
postulated competitive inhibition of pyrimidines b3' 
tliiopyrimidincs was not proved, but is not ruled out, 
since nucleic acid P3'rimidines may be synthesized in 
the body froin smaller fragments. 

Electron microscope studies on tubercle bacilli (BCG) by 
shadow casting technique. C. I. Reed, B. P. Reed 
. (by invitation) and Sol R. Rosenthal (b3' invita- 
tion). Depts. of Physiolog3q and Bacteriolog3’’ and 
Public Health, Univ. of Illinois, Chicago Professional 
Colleges and Cook Count3' Hospital, Chicago. 
Chromium shadow casting of tubercle bacilli sub- 
jected to various techniques in the preparation of 
BCG vaccine were examined on the electron micro- 
scope. Artefacts were deliberately introduced in order 
to ascertain details of internal structure. Clear evi- 
dence of the existence of a capsule was obtained. C3’to- 
plasm was usually collected in three or four masses 
suggesting that reproduction 133'^ cross-fission might be 
preceded by clumping of C3’^toplasm. Polar bodies 
could be seen in many organisms. The significance of 
these has not been determined. It is doubtful that 
branched bacilli exist. Surface contour was such as to 
indicate that distortion b3' dr3’'ing is not a common 
phenomenon. 


Rapid removal of exlraccllular potassium. Roger M. 
Reinecke, Cleon R. Holland (b3' invitation) and 
Francis L. Stutzman (by invitation). Dept, of 
Physiolog3'-, Univ. of Minnesota, Minneapolis. 

By vivodialysis, using a modified Kolff dialyzer, it 
was possible to remove a quantity of potassium from 
the dog approximating or exceeding the total amount 
in the extracellular fluid within less than five and one- 
half hours. The animals survived this procedure. 

Effect of reduction of barometric pressure on the respira- 
tory rates of acclimatized and iinacclimatized rats. 
0. E. Re'vnolds. Ph3'siology Branch, Medical Sci- 
ences Division, Office of Naval Research, Washing- 
ton, D. C. 

Albino rats previous^’- ‘acclimatized’ to anoxia by 
exposure to 18,000 ft. in a low-pressure chamber for r 
hr/day for 9 weeks and paired controls (10 rats/group) 
were exposed simultaneously to decreasing b.p. to a 
ma.ximum simulated altitude of 36,000 ft. Respira- 
tions/min. (r/m) and extent of thoracic excursion were 
observed visual^' at o and 18, 25, 28, 32 and 36,000 ft. 
The average r/m of the acclimatized group was more 
rapid than that of the controls at sea level. The r/m 
of both groups decreased with increasing altitude, and 
the thoracic excursion increased concomitant^' until 
the thoracic excursion became maximal (presumably 
•n’hen the tidal volume = vital capacity). After this 
point (25,000 ft. for controls; 28,500 for acclimatized) 
the r/m increased. The principal difference between 
the two groups consisted of a flattening of the r/m 
curve of the acch’matized group above 30,000 feet while 
the r/m for the control group was still increasing. If 
this difference is valid it indicates more rapid attain- 
ment of maximal ventilator3'’ efficiency on the part of 
the acclimatized animals. These results are discussed 
with reference to human respiratory rate response to 
altitude. 

Pleural reaction to a polythene prosthesis after pnemnonec- 
tomy in the rat. John Rh-vdell, G. Higgins and 
J. H. Grindlay. Institute for Experimental Medi- 
cine, Mayo Foundation, Rochester, Minn. 

Left pneumonectomy was performed in a large series 
of rats; in some a lung-shaped potythene bag, filled 
with fluffed cotton and heat sealed, had been placed 
in the empt3'’ pleural space. It -was found that there 
is a benign pleural reaction to such a prosthesis, and 
that the amount of exudate is not significantly increased 
over that seen after ordinary pneumonectom3'. A neo- 
membrane forms about the polythene bag which grad- 
ually increases in thickness, reaching its maximum 
about one month after operation. In succeeding 
months, this contracts down to a thin transparent 
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fibrous rather acellular plaque. Use of the prosthesis 
effectively prevents shift of the mediastinum with 
resultant overdistention of the remaining lung. Fol- 
lowing ordinary' pneumonectomy, the remaining lung 
rapidly increases in size and weight, so that by one 
month after operation it weighs almost as much as the 
normal combined weight of the two lungs. This in- 
crease in weight is largely prevented by use of the 
poly thesis bag. 

Effects of rutin upon the capillaries with special reference 
to the bisulfite phenomenon. R. K. Riciiarus and 
Kenketh Kueter. Dept, of Pharmacologjq .'Vb- 
bott Laboratories, North Chicago, 111 . 

Recently considerable interest has been aroused hj' 
the effect of certain flavones upon pathologically in- 
creased capillaiy' fragility in human beings. .Attempts 
to demonstrate an effect of these substances upon the 
capillaries in experimental animats have met with con- 
siderable diffictilties. The present investigations offer 
a new approach to this problem. It had been shown 
earlier (/. Pharmacology 79; in, 1943, and Anesthesia 
Analgesia, 22; 283, 1943) that sodium bisulfite possesses 
a specific ability to increase the rcsorptive toxicity of 
epinephrine and procaine from subcutaneous and intra- 
muscular sites if added in concentrations of o.i to 0.4%. 
This increase of toxicity, for which the name ‘bisulfite 
phenomenon’ is suggested, is due to an increase of the 
absorption rate produced by an effect of the sodium 
bisulfite upon the capillaries at the place of injection. 
The toxicity of epinephrine HCl by intramuscular in- 
jection in rats was markedly enhanced by addition of 
0.1% sodium bisulfite. If however the rats were in- 
jected with 50 to 75 mg. solubilized rutin intravenously 
10 minutes prior to the intramuscular injection of 
epinephrine the increase of toxicity caused by tlie 
sodium bisulfite could be considerably reduced. Such 
pretreatment with rutin was without effect upon the 
toxicity of epinephrine hydrochloride solutions as such. 
The increase of toxicity caused by the addition of so- 
dium bisulfite to procaine hydrochloride solutions was 
likewise abolished by rutin pretreatment. However, 
rutin administration also reduced the to.xicit}'^ of pro- 
caine hydrochloride alone. Procaine was shown to 
exert a dilating effect upon the capillaries which is 
counteracted by rutin. The conditions necessary for 
an increase of the toxicity of a drug bj’ addition of so- 
dium bisulfite (bisulfite phenomenon) are discussed and 
the action of rutin upon capillarj' permeabilit3' is viewed 
on the basis of these experiments which permit a quanti- 
tative approach for the evaluation of rutin-like com- 
pounds. 

Effect of letraethylammonium chloride on gastric secretion 
in the dog. C. R. Robertson and M. I. Grossman. 


Dept, of Clinical Science, Univ. of Illinois College of 
Medicine, Chicago. 

In the present study we have attempted to show the 
effect of tctracthylammonium chloride (TEAC) on gas- 
tric secretion stimulated by sham feeding, mechanical 
distention, urecholinc, histamine and insulin in the 
dog. In 4 experiments the response to sham feeding 
was 66.6 mg. HCI/2 hr. When 10 mg/kg. of TE.-\C 
was given the response was 3.4 mg. HCi/a hr. Tlic 
TEAC presumably blocks the synai)sc of the pre- and 
post-ganglionic vagal fibers. In 15 control cxjicriments 
with insulin the average gastric sccrclorj' response in 3 
dogs with gastric fistulas was 67,8 mg. HCI/1.3 hr. 
The response in 13 experiments following the injection 
of 10 mg/kg. of TEAC was 13.8 mg. HCl. Here, also, 
the TEAC blocks the vagal ganglia. The gastric secre- 
tor\' response to distention with rubber balloons was 
decreased by TE.AC in g out of ii experiments on dogs 
with gastric pouches. The average control resjronsc in 
II tests was 28.7 mg. HCI/2 hrs. The average rcsitonse 
after 10 mg/kg. of TE.AC in ii tests was 12.4 mg. HCI/2 
hr. This decrease is <lue to the TE.AC partially pre- 
venting the liberation of the gastric hormone in response 
to mechanical distention. In 6 tests on dogs with vagi 
intact and 10 tests on vagotomized dogs, histamine in- 
duced gastric secretion was not significantly decreased 
by 10 mg/kg. of TEAC. Urecholine induced gastric 
secretion was greatly reduced bj' TEAC in the dogs 
with intact vagi and reduccfl to a smaller extent in the 
vagotomized dogs. 

Various proteins and blood protein production. F. S. 
Robscheit-Robbins. School of Medicine and Den- 
tistiy Univ. of Rochester, Rochester, N. Y. 

The value for blood protein production of a variety of 
proteins has been ascertained in dogs rendered anemic 
and hj'poproteincmic simultaneous!}*. Considerable in- 
formation has been obtained bj* determining the ratio 
of plasma protein output to hemoglobin output under 
these experimental conditions. The majoritj* of pro- 
teins tested give values for such ratio below 50%. Egg 
albumen, lactalbumcn, and fibrin among proteins so far 
tested behave differently. Supplements of some amino 
adds to egg albumen alter the picture. 

Some comparative aspects of the pulmonary arterial pres- 
sure. S. Rodbard and F. Brown. Cardiovascular 
Dept., Medical Research Institute, Michael Reese 
Hospital, Chicago. 

Measurements of the pulmonarj* arterial pressure in a 
reptile (turtle), mammal (dog), and bird (chicken) were 
used as a basis for a study* of the comparative physiology* 
of the lesser dreuit. Data on the ventral aortic (pul- 
monary*) pressure in the fish were available in the litera- 
ture. In aU these the pulmonary arterial pressure was 
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low, ranging around 25/10 mm. Hg. However, the 
systemic arterial pressure varied markedly from class to 
class. In the fish the systemic pressure was lower than 
that in the ventral aorta. In the turtle, the systolic 
pressures were equal in both circuits, but the systemic 
diastolic was Mgher than in the pulmonic; therefore the 
mean systemic pressure was also higher. In the 
homeotherms the systemic pressure was much higher 
tlian in the pulmonarj’- circuit. The pulmonary arterial 
pressure remains low in the higher vertebrates probably 
as a result of factors which act to increase the rate of 
exchange of blood gases with those of the environment. 
These include: d) the enormous pulmonary vascular 
bed, b) the absence of tissue support of the pulmonary 
capillaries which are exposed over nearly their entire 
surface to the environment, resulting in c) great disten- 
sibility of the capillaries which d) provide the conditions 
for little increment in pressure with greatly increased 
volume. An increased pressure in such a capillary 
would produce a transudate and result in disturbed 
function. The complete division of the primitive ven- 
tricle into tw'o chambers resulted not only in the separa- 
tion of arterial from venous blood, but also provided 
conditions in which the systemic pressure could be 
raised without directly affecting the pulmonary blood 
pressure and blood flow. 

Histamine as ike possible chemical mediator for cutaneous 
pain. Sol Roy Rosenthal and Ralph R. Son- 
NENSCHELN. Univ. of Illinois College of Medicine, 
Chicago. 

Previous studies have indicated that histamine, or a 
bistamine-like substance, may be a peripheral mediator 
of cutaeous pain. By the use of sensitive biological 
methods, it was demonstrated that irritation of the skin 
or cornea by mechanical, electrical, or chemical stimuli, 
below the threshold for injury, is associated with the 
liberation of histamine or a histamine-like substance; 
the quantity liberated varies directly with the intensity 
of the stimulus.. In addition, the perfusion of a solu- 
tion of histamine onto the denuded skin or its intracu- 
taneous injection is associated with painful sensations. 
As a corollary, it was shown that certain histamine an- 
tagonists (phenol ethers), in sufficient subcutaneous 
dosage, produced a generalized peripheral anesthesia in 
the dog, monkey, and human; on intracutaneous in- 
jection, they produce local anesthesia. It has since 
been reported that other anti-histamine drugs, of widely 
varj'ing structure, likewise act as local anesthetics. 
The present report concerns itself with the determina- 
tion of the minimum concentration of histamine neces- 
sary to produce sensations on intradermal injection. 
As a control, the actions of acetylcholine, potassium 
chloride, and adenosine, substances which might con- 
ceivably play a role in pain mediation were also tested. 


alone and in combination with histamine. Twenty- 
seven adult subjects were tested. All chemicals used 
for injection were made up in 0.85% sodium chloride 
with distilled water. For control injections, the same 
salt solution was used. The subject was put at rest, 
was not told of the nature of the experiment or allowed 
to see the injections. A 22-gauge needle on a 2-ml. 
sjuinge was gently inserted as superficially as possible 
into the volar surface of the forearm. No injection was 
made until the pain from this prick had subsided. 
About o.oi ml. was injected, producing a wheal of 2-3 
mm. The injections were randomized with saline con- 
trols interspersed. There were as many saline placebo 
injections as of any given solution used. The subject 
was instructed to report immediately the occurrence of 
any sensation following the particular injection. This 
was noted and timed with a stop watch for a minimum 
of 3 minutes. In some 215 trials, it was found that 
painful sensations may be produced by the injection of 
histamine in concentrations as low as when intro- 
duced into the surface layer of the cutis. These find- 
ings are taken to indicate the specificity of histamine in 
the production of cutaneous pain, and to substantiate 
the postulate that a histamine-like substance acts as a 
physiological mediator of pain. Acetylcholine and 
adenosine apparently do not augment the cutaneous 
pain producing action of histamine. Potassium 
chloride in dilutions of i : 1000 or over gave no definite 
sensation. The fact that the production of itching re- 
quires a higher concentration of histamine than that 
necessary for pain indicates that itching is not a ‘sub- 
threshold’ pain. The least perceptible manifestations 
of pain are ‘prickling,’ ‘stinging,’ or ‘tingling.’ 

External pancreatic secretion in pancreatic fistula dogs. 

Eric F. Rodtley, Jesse L. Bollman and John H. 

Geindlay. Institute of Experimental Medicine, 

Majm Foundation, Rochester, Minn. 

The plan of this investigation is to study pancreatic 
juice (volume, amylase, lipase, trjqjsin, specific gravity 
and total protein) from chronic total pancreatic fistula 
dogs, before and after vagotomy and sympathectomy, 
under the following experimental conditons: a) fasting; 
b) various diets; c) sham feeding; d) ingestion of bile, 
alcohol, olive oil, and HCl; c) injection of secretin, 
mccholyl, histamine, adrenaline, insulin and pilocar- 
pine. This preliminary report, based on some 300 
specimens of pancreatic juice obtained from 18 pan- 
creatic fistulae during the past nine months, lacks con- 
clusive data. The 18 successful pancreatic fistulae have 
all been cannulations of the main pancreatic duct with 
polyvinyl plastic tubing after avulsion of the accessory 
ducts; the majority flowing two to four weeks, one last- 
ing eight weeks. Three duodenal explants (an exte- 
riorized button of duodenum containing the main pan- 
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creatic duct) failed. The difficulty of maintenance of 
pancreatic fistula dogs seems to have been best handled 
by returning the pancreatic juice through a polyvinyl 
gastric fistula to which tlie pancreatic cannula is con- 
nected constantly between c.xpcriments. Pancreatic 
juice is collected on ice and enzyme activity is preserved 
by adding an equal volume of glycerin. Volumes arc 
greatest after meals, secretin, histamine and alcohol. 
Enzymes (amylase, lipase and trypsin) arc highest after 
pilocarpine, olive oil, sham feeding and insulin hypo- 
glycemia. The three enzymes tend to run parallel, 
however, for example, a fat meal may elevate lipase 
more than amylase and trjq^sin. Specific gravity and 
total protein determinations have been unrcvcaling. 

Sweat gland aclhily of dogs before and after chichophcn- 
induced vlcers. A. H. Rvan and L. M. Widrow (by 
invitation) . Dept, of Physiology' and Pharmacology', 
Chicago Medical School, Chicago, 111 . 

The sweat glands of the dog have had very little 
study. Electrical resistance of the skin is a sensitive 
method of measuring changes in sweat-gland activity. 
It seemed that a study of the effect of cinchophen on 
foot pad resistance might shed light on its action on 
the sympathetic nervous system or on this type of 
gland. Resistance was measured daily by placing 
the feet in a circuit with 2 dry cells, a variable resistor 
and a microammeter. Cinchophen was given orally, 
2 grams daily, 6 days per week, and measurements 
were generally made 18 to 22 hours after the preceding 
dose. Ulcers were produced in 9 normal dogs, and 
4 with lumbar preganglionic sympathectomy. The 
hind-foot pad resistance was significantly decreased 
by cinchophen in each group, a response indicating 
increased sweat gland activity. Resistances lower 
than on any control day occurred within the first 4 
days in 85% of the dogs. The following table shows 
the effects of both sympathectomy and cinchophen on 
pad resistance. 
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The fore legs showed, in general, similar changes, but 
the results were not so clear cut. Cinchophen, there- 
fore, has a demonstrable action on the sweat glands 


which, on the basis of the present evidence, may be 
direct or indirect or both. 

Effect of para'aminobcnzoic acid on the metabolism and 
excretion of salicylate. Robert M. Salassa and 
Jesse L. Bolljian. Institute of Experimental 
Medicine, Mayo Foundation, Rochester, Minn. 
Following a report in 1946 that the oral administra- 
tion of para-aminobcnzoic acid increased the plasma 
salicylate 'levels in man, an attempt was made to 
determine the mechanism by which para-aminobenzoic 
acid produced this effect. The salicyl fractions ex- 
creted in the urine and the plasma .salicylate levels 
were determined in man and in the dog following the 
ingestion of sodium salicylate with and without para- 
aminobcnzoic acid. In the dog the administration of 
para-aminobcnzoic acid did not elevate the plasma 
salicylate value and did not alter the excretion of 
salicylate in the urine. In man the administration of 
para-aminobcnzoic acid appeared to interfere with the 
conjugation of glycine with salicylic acid and resulted 
in a marked decrease in tlic quantity of salicj'luric acid 
appearing in the urine. Kapp and Cobum have 
shown Utat man normally excretes altout So% of 
ingested salicylate in a form that contains an intact 
salic>'l radicle and that approximately 50% of this is 
salicj'luric acid, 25% salicyl glucuronatc and 25% free 
salicj’Iatc. Para-aminobcnzoic acid administration 
did not alter the excretion of the free salicylate or 
salicyl glucuronatc fractions unless the pii of the urine 
was changed. When the urine was made strongly 
alkaline by giving large amounts of sodium bicarbonate 
with the para-aminobcnzoic acid, the excretion of the 
free salicj'latc fraction increased enough to completely 
mask the effect of the decrease in e.xcrclcd salicj'luric 
acid on the renal clearance of total salicj'latc. The 
administration of para-aminobcnzoic acid also appeared 
to interfere with the conjugation of benzoic acid with 
glycine as indicated by a decrease in the quantity of 
hippuric acid e.xcrctcd in the urine in four hours follow- 
ing the ingestion of 6 gm. of sodium benzoate. These 
effects of para-aminobenzoic acid arc temporarj' and 
reversible. 

Mechanism of apnea induced by electro phrenic respira- 
tion. Stanley J. Sarnoff. Harvard School of 
Public Health, Boston, Mass. 

A new type of artificial respiration has been developed 
which depends upon the surgical insertion of a single 
electrode around one or both phrenic nerves and the 
application of an electrical current to the nerve. By 
means of a rotating potentiometer the voltage is made 
to vary between o and about 3 volts in such a waj' as to 
cause the diaphragm to contract and relax in a smooth 
manner. The revolution rate of the rotating potenti- 
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ometer determines the rate of respiration and is readily 
adjusted. Since the tidal volume is (wthin satis- 
factorily wide limits) in direct relation to the peak 
voltage applied, the depth of respiration and minute 
volume are likewise easily controlled. The technique 
is capable of maintaining normal blood gas tensions 
in the absence of spontaneous respiration in the cat, 
dog, rabbit and monkey. An interesting by-product 
of the development of the technique was the observa- 
tion that spontaneous respiration ceased immediate^ 
after the onset' of electrophrenic respiration. This 
suppression of spontaneous respiration is reflex in 
nature since after vagotomy it no longer occurs. 

Thermal conductance of the colonic wall; magnitude of 

changes during peristalsis, graded hemorrhage and re- 

infusion. H. Scarborough, M. Elkin, H. A. 

Bliss, H. W. Park (by invitation), and E. M. 

Landis. Dept, of Physiology, Harvard Medical 

School, Boston, Mass. 

Thermal conductance in the colon of anesthetized 
dogs was measured during hemorrhage re-infusion 
and death to determine whether heat transfer was 
sufficiently rapid and consistent to serve as a continu- 
ous measurement of intestinal (splanchnic) blood flow 
in unoperated animals and in man. The thermal 
flowmeter consists of a hollow water-tight Incite chassis, 
10 X 1.7 cm., canying a wire coil which provides a 
constant known output of heat distributed throughout 
34 ml. of water with which the thin rubber balloon 
enclosing the whole instrument is inflated. The water 
is mixed by a pulsating pneumatic device. Mounted 
near the middle of the chassis is one end of a 6-10 unit 
thermopile which with the heater, is protected from 
contact with the balloon by a metal guard. The 
other junctions of the thermopile are mounted on 
the surface of a solid Incite tip 5 x 1.2 cm., so as to be 
in contact with the gut wall, and hence at local body 
temperature when the tip is inserted 25 to 30 cm. up 
the colon. From the output of heat (e.g. 0.288 cal/sec.) 
between the temperature of the tip and the water in 
the balloon (e.g. i.644°C.) as recorded continuously 
by an ink-writing potentiometer, the overall thermal 
conductance, C = cals/scc. In rapidly flowing water 
the C for such instruments was 0.600 to 0.700 cal/ 
sec/°C.At. The overall C was 0.150 to 0.250 in the 
colon of hving dogs and less than 0.100 in the colon of 
dead dogs. When heat was removed from the balloon 
mainly by conduction (wrapped in cotton-wool in 
water bath) C lay between 0.070 and 0.090, and b}*' 
convection (bare in still water) 0.240 to 0.270. Peri- 
stalsis, always recorded throughout, usually increased 
C, whether due to movement artefact or active hyqier- 
aemia cannot at present be said. Atropinization 


produced relatively constant C for long periods. 
Graded hemorrhage in normal or atropinized dogs de- 
creased C often in stepwise fashion; re-infusion in- 
creased C rapidly and conspicuously. 

Patterns of cutaneous hyperalgesia points obtained by 
stroking the trunk with a sharp stylus. Alfred A. 
Schiller. Dept, of Physiology, Univ. of Illinois 
College oi Medicine, Chicago. 

Light linear centripetal stroking with a sharp stylus 
of the anterior and posterior surfaces of the trunk in an 
approximately horizontal plane may elicit a point of 
hypersensitivity along the path of the stroke. When 
the trunk is systematically stroked, the hypersensitive 
points tend to bilaterallj' parallel the midline, lying 
2-4 cm. laterally. Over the back another array of 
points angle bilaterally from the upper thoracic spinous 
processes to the roots of the scapulae, and then run 
obliquely caudad to join the paramidline points in the 
region of the lumbar vertebrae. The only constant 
and appreciable deviation from the bilaterally sym- 
metrical representation of hypersensitive points occurs 
in the region of the precordium where they are elicited 
farther to the left, frequently outlining the left border 
of the underlying heart as determined roentgeno- 
graphically. With the exception of the precordial 
deviation the pattern of sensitive points obtained by 
stroking closely parallels the anatomical distribution of 
the sites of superficial emergence of the cutaneous 
branches of the somatic spinal nerves. The painful 
quality of the sensation and the latency in perception 
implicates the pain receptors as the principal mediators 
of the stroking hyperalgesia phenomenon. It is 
postulated that point hyperalgesia results when ad- 
jacent cutaneous receptors are rapidly and consecu- 
tively stimulated (stroking), permitting delicate 
sensory discrimination of densely populated receptor 
areas from sparsely innervated regions. In the pre- 
cordium visceral (cardiac) afferent activitj^ may raise 
the CES and lower the stimulus threshold in the same 
cutaneous segmental districts to account for the lateral 
deviation described. 

Analysis of the nerve membrane current-voltage character- 
istic as a non-linear ‘impedance' . Orro H. Schmitt. 
Dept, of Physics, University of Minnesota, Min- 
neapolis. 

It has been shown that much detailed information 
concerning the electrical properties of the excitable 
nerve membrane can be deduced by careful study of 
the exact shape of the action potential and its first two 
derivatives. Values for membrane current, charge, 
resting potential, and electric energv' release during 
excitation are among the quantities which may be 
evaluated. By identifjdng the membrane static 
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capacitive charging current with the first derivative 
potential form it is possible to isolate the active non- 
linear impedance portion of the membrane excitation 
cycle and thus approach closer to a direct measurement 
of the energy yielding process in the membrane. 

Rclalion between local polarizalion and spike height in 
single mcdiiUalcd nerve fibers. Gordon M. Schoepfle 
AND Joseph Erdanger. Washington Univ. School 
of Medicine, St. lyouis, Mo. 

A quantitative investigation of the relation bctv.'cen 
local polarization and spike height in single mcdullatcd 
nerve fibers was confined principally to tlie most 
irritable fiber in the phalangeal nerve of the green frog. 
Electrode alignment is indicated as follows: anode of 
the stimulating circuit, stimulating cathode, grounded 
lead and polarizing electrode in common, distal record- 
ing electrode and finally, the distal polarizing electrode, 
maintained at least 10 megohms above ground through 
the polarizing circuit. Anodal increments amounting 
to 80% of normal spike height and cathodal decre- 
ments of 60% were obtained with currents just short 
of blocking intensity. The relation between spike 
height h and polarizing voltage v conforms to the 
equation h — hade, kv in which ha is the normal spike 
height and h is a constant depending only on direction 
of membrane current flovr. The membrane resistance 
thus appears to be linear, but rectification is manifest 
in 24 of the 27 fibers investigated, the k factor being 
the greater for inwardly directed currents. The 
tangent ratio, or ratio between the two k values for 
each fiber was found to be unchanged on subjecting 
the nerve to 95% ox>’gen and 5% carbon dioxide or 
to Ringer’s solution containing twice the usual amount 
of potassium, or to crushing under the distal polarizing 
electrode. Difiercnces in extent of rectification arc 
apparently not correlated with seasonal variations. 

Role of facilitalory reliculo- and vestibulospinal systems 
in maintaining spasticity. L. H. Schreiner (by 
invitation), D. B. Lindseev and H. W. Magodn. 
Depts. of Anatomy and Psychology, Northwestern 
Univ., Medical School, Chicago, 111 . 

The basic feature of the spastic state is an exag- 
geration of spinal stretch reflexes which are most 
pronounced and persistent in the antigravity muscles. 
Requisite to the appearance of spasticity is the elimina- 
tion of central suppressor influences, release from which 
permits stretch reflexes to become exaggerated. Equiv- 
alently requisite is the maintained and now unopposed 
influence of central facilitatory systems, including the 
leticulo and vestibulo spinal systems, for their influence 
is the actual factor responsible for reflex exaggeration 
in spastidty. From this point of view, the thera- 
peutic relief of spasticity in clinical conditions, might 


find a logical point of attack in reducing the activity 
of the central facilitatory systems tvhich arc responsible 
for maintenance of the spastic state. 

Pyruvate metabolism in colpidium campylum. Gerald 
R. Seasian. Biological Laboratory, Fordham Univ., 
and Marine Biological Laboratory, Woods Hole, 
Mass. 

It has been shown that Colpidium is capable of 
synthesizing lipids from protein {Biol. Bull. 94: 29), 
Since pyruvate, through the tricarljoxjdic acid cycle, 
is the link between protein and carbohydrate metab- 
olism, a study of this cycle was made in Colpidium as 
the first stej) toward the elucidation of the pathway of 
lipid synthesis in this organism. Pyruvate is rapidly 
metabolized; 12.5 millimoles arc utilized in 4 hours by 
25 X JO* cells, Malonic acid inhibits the pyruvate 
effect (incrca.scd oxygen consumption and pyruvate 
utilization). The malonatc effect is overpowered by 
the addition of fumaratc. Succinate is formed upon 
incubating cells with fumaratc, pjTUvatc, and malonatc. 
The amount of a-kcloglutaratc formed from pyruvate 
is increased four-fold upon the addition of fumaratc. 
When 10 millimoles of oxaloacctatc arc incubated with 
46 X 10^ cells, in four hours there is recovered 0.3 
millimoles of fumaratc, 0.8 millimoles of malatc, 3,6 
millimoles of pyruvate and 1.7 millimoles of lactate. 
All the oxaloacctatc added is utilized, none being re- 
covered. The transamination system, p>Tuvatc + 
glutamate = alanine -j- a-kctoglutaratc occurs in 
Colpidium. It has not been possible to recover aceto- 
acetate when cells arc incubated with pyruvate and 
ammonium chloride. 

Gastric and esophageal secretion in the frog. M.ary 
Sheldon (by invitation) and M. I. Grossman. 
Dept, of Clinical Science, Univ. of Illinois College 
of Medicine, Chicago, 

Heidcnhain and other early investigators believed 
that in the frog the gastric body cells produce acid onlj’, 
all pepsin coming from the esophageal glands. More 
recent investigators including Bensley and Friedman 
claim that both acid and pepsin arc produced by the 
same gastric body cell. The object of this study was 
to confirm one of these views. In the stomach two 
kinds of mucous cells were found but no canalicular 
apparatus could be demonstrated in the body cells to 
show that they were tj^iical parietal cells. Large 
hca\dly stained zv'mogen granules were found com- 
pletely filling the esophageal gland cells. Small 
lightly stained granules were scattered in the gastric 
gland body cells in the fundic portion of the stomach. 
Microscopic examination of fresh gastric mucosa from 
a frog injected with neutral red showed add secreting 
cells excreting the dye in some areas. Pepsin deter- 
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minations made from mucosal extracts and secretions 
showed high peptic activity in the esophagus and some 
in the stomach. Histamine increased the pepsin 
concentration of juice from tlie esophagus only, but 
caused some increase in volume of gastric secretion and 
a large rise in total acidity. No decrease in pepsin was 
found in the gastric juice of frogs after continuous 
histamine induced secretion for three days ^Yhich in- 
dicates that the stomach does secrete pepsin. Thus 
these experiments support the view that the one type 
of cell in the body of the frog gastric glands secretes 
both acid and pepsin. 

Experimental miliaria in man: II. Production of szoeat 
retention anidrosis and vesicles by various kinds of 
injury. Walter B. Shelley, Peter N. Horvath 
( by invitation), Fih:d D. Weidman (by invitation), 
Donald M. Pillsbury (by invitation). 

A study has been made of the effects of various 
agents on the human sweat-gland apparatus when 
applied locally to the skin. They are as follows; 
I. iontophoresis; 2. "ultraviolet light; 3. heat; 4. solid 
CO2; 5. maceration; 6. adhesive tape; 7. AICI3 20%; 
8. soap; 9. fat solvents. No immediate alteration was 
noted in the normal sweating processes when the sub- 
ject was stimulated to vigorous sweating by means of 
heat. However, within three to five days definite 
changes were observed within the areas treated. They 
varied from slight to marked anidrosis, and in the 
areas of greatest anidrosis, small clear, superficial 
vesicles developed. The vesicles did not appear in 
areas in which the secretion of sweat W'as locall3’- 
inhibited by atropine. These phenomena could be 
demonstrated repeatedly over a period of one to two 
weeks, after which the sweat-function returned to 
normal. Microscopic study revealed tiny plaques 
of para and hj^perkeratotic stratum comeum in the 
treated, areas. The vesicles w'ere situated entirety 
within the stratum corneum and serial sections demon- 
strated that they w'ere directly connected with the 
sweat ducts. It would appear that the factor common 
to all stimuli applied is that of minor irritation, and 
the plugging of the sweat-gland apparatus is part of 
tire response of the skin to this irritation. Evidcntty 
various kinds of stimuli can provoke the phenomenon 
of sweat-retention anidrosis. 

A nciv method to measure elastic properties of skeletal 
muscle in situ. Ernst Simonson, Joseph Brozek 
and Ancel Keys. Laboratory of Physiological 
Hygiene, Univ. of Minnesota, hlinneapolis. 

The method is based on the measurement of the 
deformation of a muscle in situ, produced by a falling 
hammer striking the surface of the muscle. Evidence 
is presented drat the measurement of the total contact 


time between hammer and muscle, and of the rebound 
give a fairly good approximation of the actual deforma- 
tion curve. The contact time betw'cen hammer and 
a metal plate in contact with the muscle is measured 
electrically. During the contact, a condenser is 
charged from a battery and later discharged into a 
ballistic galvanometer so calibrated that the contact 
time can be read from the scale in a. The rebound is 
measured mechanically on a scale as a quotient of fall 
height; rebound height. The effect of hammer weight, 
fall height, size and shape of the contact plate w'as 
studied and the optimum conditions for the standardi- 
zation of the method are demonstrated in two models, 
one for measurement of biceps muscle elasticity in 
sitting position, and the other one for measurement of 
leg muscle elasticity in tying position. Provisions are 
made for variation of muscle length and tension. The 
method is simple, the readings can be made within a 
few' seconds. The size of the ‘chance’ variations is 
small compared to the changes produced by alterations 
in muscle tension. The method is sensitive enough 
to record small variations of muscle tension, and the 
time of contact is too short for interference of voluntarj' 
or reflex alterations of muscle tension. 

Observations on the curare-like action of thiamine. 

Jay a. Smith (by invitation), Piero P. Foa and 

Harriet R. Weinstein (by invitation). Chicago 

Medical School, Chicago, 111 . 

When thiamine is injected intravenously in large 
doses (50 mg/kg. or more) bradycardia, hypotension, 
vasodilation, and inhibition of respiration are produced. 
These effects are transitory if artificial respiration is 
provided. Recent experiments have sho^vn that thia- 
mine exerts neuromuscular block typical of curare, 
and that, conversely, the symptoms of thiamine tox- 
icity can be produced bj' curare preparations, namety 
into costrin (Squibb) and D-tubocurarine (Squibb). 
Thiamine, 150 mg/kg., is approximately equivalent to 
D-tubocurarine, 0.15 mg/kg. Except for the great dif- 
ference in dose, the results are similar; hypotension 
may last longer with thiamine, whereas the neuromus- 
cular block may last longer with D-tubocurarine. In 
experiments with frogs, it was found that thiamine 
exerted typical curare effects. Intocostrin was found 
to be about 200 times as potent as thiamine on w'eight 
basis. In experiments on unanesthetized dogs, both 
thiamine and D-tubocurarine produce identical symp- 
toms, namety, ataxia, inability to stand, staggering 
movements and exaggerated reflexes; D-Wbocurarine 
is about 1000 times as potent as thiamine under these 
conditions. In other experiments the thiazole moiety 
(4-methyl-5-betahydro.x3'ethyl thiazole, Merck and 
Companj') was found to have curare-like action similar 
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to thiamine. It •vs-as onlj' about one fifth as potent as 
thiamine in this respect. We conclude that when 
thiamine is given by rapid intravenous injection in 
large doses, its toxic effect is predominantly due to its 
curare-like action. 

hiiroutnous glucose iokrance tests in aged males. 
Luther E. Smith Nathan W. Shock. Insti- 
tute of Experimental Biology' and Medicine, National 
Institutes of Health, Bethesda, Md., and Baltimore 
City Hospitals, Baltimore, Md . 

Intravenous glucose tolerance tests were done on 
68 males in various age groups. There were 14 in 
the 20-29 year group, 12 in the 50-59 year group, 13 in 
the 60-69 j'car group, 17 in the 70-79 year group, and 
12 in the 80-89 year group. All subjects were selected 
with history' and phy'sical examination. No subject 
was used who had a history' of diabetes, jaundice, or 
glycosuria or who manifested edema, jaundice, any' 
type of liver disease or glycosuria. fasting femoral 
arterial blood sample was drawn, and 50 cc. of a 50% 
glucose solution in distilled water was injected into 
the right or left basilic vein. Arterial blood samples 
were drau-n at 5 and 10 minutes after the start of the 
injection and every 10 minutes thereafter for 2 hours 
with a final spedmen drav.'n at 2I hours. The blood 
was heparinized and stored in ice, and at the end of 
the experiment true blood sugar was determined by 
Nelson’s modification of the Somogy'i procedure. The 
mean fasting value varied between 79-82 mg.% for 
all the groups n-ith no significant difference between 
any group. There was a progressive increase in the 
mean time in minutes to return to the fasting level for 
each group with a significant difference at the 1% level 
between the 20- to 29-year group and the 70- to 79-ycar 
group, and between the youngest group and the 80- to 
89-y'ear age group. 

On the maintenance of spontaneous activity milhin the 
cerebellum. Ray S. Snider and Earl Eldred (by 
invitation). Northwestern Univ. School of Medi- 
dne, Chicago, 111 . 

Preliminary' studies on the mechanisms involved in 
the maintenance of the fast spontaneous electrical 
activity of the cerebellum have been made upon cats, 
either decerebrated or under various depths of barbi- 
turate anesthesia. The electrical activity was ampli- 
fied thru Grass Model HI amplifiers and was observed 
directly on a three-channel cathode ray oscilloscope. 
That the activity is not dependent upon driving 
mechanism^ outside the cerebellum is shown by the 
fact that it continues after bilateral destruction of all 
cerebellar pedundes. That it is not dependent upon 
a cerebellar-cortex to cerebellar nucleus back to cortex 
dreuit is shown by the fact that it continues following 


destruction of all cerebellar nuclei. It is concluded 
that all mechanisms necessary' for the maintenance of 
this activity arc located within the cerebellar cortex, 
and evidence is presented to show that the responsible 
units arc cither the granule cell plus glomcrulu.s and/or 
thePurkinje cell. 

Blood and tissue lipids in the chick fed cholesterol in 
various forms. J. Stamler, C. Bolene, E. Levin- 
son, M. Dudley and L. N. Katz. Cardiovascular 
Dept., Medical Rcscardi Institute, Michael Reese 
Hospital, Chicago, 111 . 

Five groups of 5 I-cghorn cockerels each, 5-8 weeks 
of age, were fed ad libitum for 10 weclis on a commerdal 
chick starter mash supplemented willi 2% cholesterol 
in various forms, including; a) amorphous cholesterol; 
b) crystalline cholesterol; c) cholesterol dissolved in 
ether and rc-evaporated after admixture with the 
mash; d) crystalline cholesterol with cottonseed oil. 
In addition a control series of 5 birds with no supple- 
ment was run. Food intake and bird weights were 
recorded periodically'. Plasma cholesterol (total and 
free), phospholipid and total fatty acids were measured 
at regular intervals. Liver, aorta, heart, kJdney', 
intestine and carcass were analyzed at the end of 10 
weeks for total and free cholesterol, i) Groups a, b 
and c (cholesterol without oil) responded similarly, 
developing a progressive moderate hy'pcrcholcsterolcmia 
and hyperlipemia. Group d (cholesterol with oil) 
developed a far more marked and rapidly progressing 
hypercholesterolemia and hyperlipemia. In all groups 
tlie plasma free cholesterol ratio remained unchanged. 
The percentage increase in plasma cholesterol in all 
cholesterol-fed groups exceeded significantly the per- 
centage rise in phospholipid and neutral fat. 2) Early 
atherosclerosis of the aorta and other great vessels was 
noted grossly in all cholesterol-fed groups, its extent 
and severity' being significantly greater in group d 
(cholesterol with oil). 3) Tissue cholesterol analy'ses 
reveals an organ lipoidosis in all cholesterol-fed groups, 
which can be generally' related to the blood cholesterol 
levels. The increase in lipid in the various tissues was 
not uniform, being much greater in the aorta and liver. 
Accumulation of esterfied cholesterol was the char- 
acteristic feature of the organ lipidoisis. The occur- 
rence of atheroma would appear to be related to; i) the 
hy'percholestcrolemia; 2) the apparent disturbance in 
the ratio of plasma lipid fractions; 3) the organ lipoido- 
sis, particularly of the liver and aorta; 4) the apparent 
disturbance of the normal tissue cholesterol esterifica- 
tion ratio. 

Pressure and activity recordings along the gastrointestinal 
tract in man. F. R. Steggerda and W. C. Clark 
(by' invitation). University of Illinois, Urbana. 
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It was previously reported that satisfactory pressure 
and activity recordings of the lower colon in man 
could be made mth a water manometer connected to 
an open-tipped tube inserted five inches beyond the 
anal sphincter. The method was satisfactory except 
that plugging of the tube occurred w'hen the colon was 
not completely empty, or the fecal material thin and 
water}'. With this objection it is obvious that the 
technique could not be used in recording pressures in 
other places along the gastrointestinal tract because 
of the fluidity of its contents. Recently a water 
capsule (i cm. long and .5 cm. in diameter) attached to 
the end of a rubber catheter connected to an electronic 
recording pick-up was devised which records pressure 
and activity along the gastrointestinal tract continu- 
ously without any interruptions. A comparison 
between the open-tipped vrater mamometer and the 
closed water capsule electronic recording method 
showed that pressures in the colon of man Mvith the 
latter method is definitely higher than those recorded 
by the water manometer. Recording of stomach 
pressure and activity as well as the changes that occur 
while the water capsule is passing through the pyloric 
sphincter region and entering the small intestine were 
made. Changes in position while lying horizontally 
on a cot do not significantly alter pressures in the 
gastrointestinal tract. 

E^ccl of increased carbon dioxide in inspired air on 
gastric emptying in dogs. J. Clifford Stickney, 
David W. Northot and Edward J. Van Liere. 
Dept, of Physiology, School of Medicine, West Vir- 
ginia Univ., Morgantown. 

The normal gastric emptying time of 4 dogs was 
determined fluoroscopically after intubation by stomach 
tube of 50 ml. of a suspension of BaSOi in 20% gum 
acacia solution. Immediately after intubation, the 
dogs were kept in a well ventilated chamber in which 
they were at otlier times exposed to increased concentra- 
tions of CO2 in the inspired air. The effect of CO2 
was determined by placing the dogs after intubation 
into a chamber through which were led mixtures of 
CO2 in O2 of the desired concentrations. Twenty-five 
determinations of gastric emptying were made while 
the dogs were exposed to concentrations of CO2 in 
the inspired air ranging from 6.6-12.3%. Twenty 
control observations were made on the same dogs. 
The responses to CO2 were rather variable, not only 
in the individual dog but in tlie group as well. When 
the CO2 range was 6-8%, the average increase in 
gastric empt}nng time varied from 15 to over 100% in 
the 4 dogs; between 8 and 10% CO2 the increase was 
67 to over 288%; between 10 and 12% CO2 the increase 
was 73 to over 300%. The delay in gastric emptying 


appeared to be proportional to tlie concentration of 
CO2 in the inspired air over the range studied. 

Influence of estrogens on x-ray toxicity. R. L. Straube 
(by invitation), H. M. Patt and M. N. Swift (by 
invitation). Argonne National Laboratory, Chi- 
cago, 111. 

It has been reported that a single intramuscular 
injection of alpha estradiol-benzoate nine days prior 
to irradiation decreased radiotoxicity in male Swiss 
mice, whereas estrogen administered on the day of 
irradiation potentiated sensitivity (Endocrinology 32: 
161, 1943). We have extended these findings and 
initiated investigations designed to elucidate the 
mechanism of this estrogen effect. We have observed 
a similar protective estrogenic effect in both male and 
female mice of the CFi strain with either alpha estradiol- 
benzoate or the s}'nthetic estrogen Benzestrol (Sebief- 
felin), o.i mg. alpha estradiol-benzoate or i.o mg. of 
Benzestrol, 10 days prior to x-irradiation (500 r) 
giving essentially complete protection. When the 
estrogen was given five days before irradiation a 
probably significant but somewhat lesser effect was 
evidenced. Administration at the time of irradiation 
gave equivocal results. Since the estrogen effect may 
be non-specific, other steroids are being investigated. 
Preliminary experiments indicate that progesterone 
(0.1-0.2 mg/2s-gm. mouse) has little if any protective 
action. Pilot studies indicate that a single dose of 
estrogen alone (o.i mg. I.hl.) has no appreciable 
effect on the weight of spleen, inguinal nodes, or kid- 
neys, but does increase adrenal weight and accelerate 
thymic involution. An early transient leukocytosis 
followed by a severe leukopenia reaching its apogee 
ten days post injection with a recovery toward normal 
at fourteen days, has been obser\'ed in such estrogen- 
treated animals. 

Aortic deposition of cholesterol in experimental athero- 
sclerosis. A. N. Taylor and Joe A. Stewart (by 
invitation), Dept, of Physiolog}', University of 
Oklahoma School of Medicine, Oklahoma City. 

As a part of a study of the flow pattern in major 
blood vessels, the cholesterol content of four selected 
regions of the aortae of normal and cholcsterinized 
rabbits was determined. Thirteen rabbits received 
0.6 gm. of cholesterol in vegetable oil added to a daily 
base diet of 75 gm. commercial rabbit chow; 10 rabbits 
received an equal amount of vegetable oil added to 
the base diet; and 13 rabbits received only the base 
diet. Serum levels of total cholesterol, which were 
determined periodically, averaged at the end of the 
test period of 100 days, 2000 mg.% for the cholcster- 
inized animals as compared with 60 mg.% for the two 
control groups. The animals were sacrificed, each 
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aorta removed and divided into four regions; each 
region was dried to constant weight, subjected to 
alkaline digestion, and its cholesterol content deter- 
mined by Sperry’s modification of the Licberman- 
Burchard reaction. Cholesterol content of the aortic 
regions of the vegetable oil-base diet group did not 
differ significantly from that of the base diet group. 
Average cholesterol content expressed in milligrams % 
of the dry weight of each of the four regions was as 
follows (values for the cholcslcrinizcd rabbits are 
italicized): i) ascending aorta and arch, 3.47 and 0.17; 
2) thoracic aorta below the arch, r.2p and 0,17; 3) 
upper abdominal including Oic renal arteries, 1.50 and 
0.23; 4) lower abdominal aorta and proximal iliac 
arteries, i.ri and 0.30. A relationship between 
cliolesterol deposition and areas of probable turbulent 
blood flow is indicated. 

Studies of the pulmonary and systemic arterial pressure 
in cases of patent ductus arteriosus with special refer- 
ence to effects of surgical ligation. B. E. Taylor 
(by invitation), A. A. Pollack (by invitation), H. 
B. BuRatELL, O. T. Clagett (by invitation) and 
E. H. Wood. Mayo Foundation, Rochester, 
Minn. 

A study has been made of the blood pressure in the 
pulmonary artery and systemic circulation in 11 cases 
of patent ductus arteriosus during surgical ligation of 
the ductus. Preoperative cardiac catheterization 
studies were carried out in 4 instances. Pulmonary 
arterj’ pressures were measured in the open thorax by 
means of an intra-arterial needle and a strain-gage 
manometer before and after closure of the ductus. 
Systemic blood pressures were recorded during tire 
operation by means of an indwelling needle in the 
radial artery. These pressures and the heart rate, 
electrocardiogram and respiration all were recorded 
on the same photograjihic paper. In 4 patients in 
whom cardiac catheterization studies were carried 
out preoperatively, the average flow through the 
patent ductus arteriosus was calculated to be 7.5 (3 to 
r7.7) 1/min. In 6 patients calculations based on deter- 
minations of oxj'gen saturation of systemic arterial, 
pulmonary arterial and mixed venous blood indicated 
that the average flow through the ductus arteriosus 
was 49 (29 to 75) % of the left ventricular output. 
The average outside diameter of the ductus arteriosus 
measured at operation in these cases was i.i (0.8 to 
1.3) cm., as compared to the average value of i.o (0.75 
to 1.3) cm. for the complete series. The average mean 
S3 stemic to pulmonar3' artery pressure gradient was 
60 (16 to 82) mm. of mercury^. In these cases there 
was a direct correlation (correlation coeflScient: 0.9 ± 
0.25) between the ductus flow in cc/100 cc. of left 


ventricular output) and the square of the radius of 
the ductus multiplied by the square root of the pressure 
gradient. Closure of the ductus arteriosus produced 
an immediate increase in the systemic blood pressure 
and a decrease in the pulmonary' arterial pressure in 
every instance. These changes could be repeated at 
will by opening or closing the duct with a rubber- 
covered surgical forceps. In this scries of patients 
the average immediate increase in sy'stemic pressure 
coincident with closure of the ductus was 8.g ± 1.9 
(3.2 to 20.7) mm. Hg systolic, and 11.9 ± 2.7 (3.1 to 
30.5) mm. Hg diastolic. Tlie average immediate 
decrease in pulmonary artery pressure was 4.3 ±1.2 
(—0.5 to to) mm. Hg systolic, and 5.8 zk 1.3 (r.r to 
io)mm. Hg, diastolic. 

Physiological properties of regenerating nerve fibers. 
J. D. TitOMSON (by invitation) J. A. Morgan (by’ 
invitation) and H. M. Hines. Dept, of Physiology', 
State Univ. of Iowa, Iowa City. 

Tibial nerves of rats were crushed i, 2 or 3 times at 
the same point at 42-day intervals, and gastrocnemius 
weights and isometric tensions were measured at 21, 
42 and 84 days after the final lesion. Values for muscle 
weight and tension, recorded as percentage of contra- 
lateral control, showed that the gastrocnemius can 
undergo at least 3 consecutive denervations and re- 
coveries without impairment of its regenerative 
capacity. Twitch tension \*alues in % of tetanus 
tension (tetanizing frequency 120/scc.) suggest that 
muscle’s ability to summatc twitches is not impaired 
during regeneration, since values at 14-17, 20-22 and 
25-28 days arc of nearly the same magnitude as control 
values. The slightly higher values at 20-22 and 
25-28 days may mean that optimal tetanizing fre- 
quencies for regenerating nerve and muscle are lower 
than 120/scc., and that if the optimal frequency were 
used the values might be lower. The rate of trans- 
mission fatigue (stimulus frequency 120/sec., ether 
anesthesia) was much more rapid 21 days after a crush 
lesion than in normal controls; it was less rapid at 28 
day's than at 21 days. When intraperitoneal Dial was 
used as anesthetic, transmission fatigue in normal rats 
occurred more slowly than under ether; at 21 days of 
regeneration the rate was more rapid than in controls 
for the first 5 seconds, then paralleled the control 
curve from the 5th to loth seconds. 

A comparison of action of anticonvulsants on the excita- 
bility of peripheral nerve and of motor cortex. James 
E. P. Toman and Charles D. Hendley. Dept, 
of Physiology, Univ. of Utah School of Medicine, 
Salt Lake City. 

The following observations suggest that anticon- 
vulsants may prevent neuronal alterations produced 
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by excessive electrical or chemical stimulation without 
impairment of normal function: d) Ringer’s solution 
saturated with Dilantin (diphenylhydantoin) was 
■without notable effect upon threshold, spike amplitude, 
spike duration, recovery, and conduction velocity of 
frog sciatic nerve. Ho\vever, concentrations as low 
as 0.04 mir/l abolished repetitive responses and extra- 
ordinary supemormality produced by brief high voltage 
shocks. Dilantin also prevented hyperexcitability 
and repetitive firing in nerves treated with isotonic 
sodium phosphate solution. These effects occurred 
with low concentrations of many other anticon-vulsants 
including Phenurone, phenobarbital, Mcbaral, 
Mesantoin, and Epidon. h) Dilantin did not affect 
the exchange of radioactive sodium in frog nerve in 
Ringer’s solution. However, it prevented tlie in- 
creased rate of sodium exchange in phosphate solution, 
c) The frequency-threshold curve for non-con'vulsivc 
localized movement produced by repetitive brief 
shocks to the cerebral cortex of the unanesthetized 
rabbit reaches a minimum at 100 c.p.s. After Dilantin 
treatment the threshold in the minimum region was 
not raised significantly, but there were significant 
increases at the e.xtremes (15% at 1000 c.p.s.; 20% at 
3 c.p.s.). d) The curve of recovery of responsiveness 
of the rabbit motor cortex following each stimulus in a 
repetitive series shows a period of supernormal excita- 
bility, with a peak at 2 to 4 msec. Dilantin was 
without effect on this process. However, Dilantin 
has been previously showi to prevent high frequency 
seizure discharges in the rabbit EEG. 

Ejjcct of hypophysectomy on the clecirotnyogram. Clara 
Torda and Harold G. Woltt. New York Hospital 
and the Depts. of Medicine (Neurology') and Psy- 
chiatrj', Cornell Univ. Medical College, New York 
Citj\ 

Some aspects of myasthenia gravis (e.g. occasional 
increase of thymus, increase of tymphoid tissue, de- 
crease of acetylcholine syntlicsis) suggest that the 
decreased ability of patients with this muscle disorder 
to maintain an adequate muscle function during 
prolonged work is a result of a partial dysfunction of 
the pituitary gland. One of the objective tests char- 
acteristic of patients with myasthenia gravis is a 
decline of the amplitude of muscle action potential 
during repetitive indirect stimulation. In the following 
it was ascertained whetlter removal of tlic pituitary 
gland induces a similar dysfunction of the muscle. 
Therefore, electromyograms of 33 h>’pophyscctomized 
rats were compared •«ith clcctromyograms of 20 control 
rats operated on witlr the same teclmic except for the 
removal of the piluitarj* gland. Electromyograms 
were recorded from the gastrocnemius muscle during 


a few minutes’ stimulation of the sciatic nerr’e with a 
current having a repetition rate of from 3 to 30 pulses 
per second and being of ‘supramaximal’ intensity. The 
area and amplitude of the muscle action potential of 
the control rats remained either unaltered or decreased 
somewhat, e.g. the decrease averaged 19% at the end 
of a 3-minute stimulation period with 11 pulses per 
second. The amplitude and area of the muscle action 
potential of the h\-pophysectomized rats decreased 
with low frequency stimulation and tlie decline of the 
cleclromyogram increased with tlie frequency of 
stimulation. Tlie decrease averaged 82% at the end 
of a 3-minute stimulation period with ii pulses per 
sec. Therefore, a dysfunction of the pituitary gland 
may be linked with a muscle dysfunction. This effect 
is probably not exerted through the adrenal gland 
alone. 

X irradiation of the Iiypopliyscclomized rat. E. B. 
Tyree (by invitation), M. N. Swift (by invitation) 
and H. M. Patt. Argonne National Laboratory, 
Chicago, 111 . 

We reported previously that x-radiation in common 
with other types of stress appears to result in an in- 
creased demand for the adrenal cortical hormone 
(Am. J. Physiol. 150: 480, 1947). It seemed of inter- 
est, therefore, to determine whether hypophysectomy 
would prevent the adrenal response to x-radialion and 
to note whether survival and some of the typical 
changes in organ weights would be altered under these 
conditions. Sixty white male rats (200-300 gm). 
received 750 r total-body x-irradiation, 30 hawng 
been hypophyscctomized one week prior to exposure. 
Animals were sacrificed at 3 hours and 4 days after 
irradiation and comparison ivas made with appropriate 
groups of nonirradiated rats. Hjqiophyscctomy pre- 
vented adrenal changes (decreased adrenal cholesterol 
concentration and increased adrenal weight) seen in 
intact rats after x-irradiation, but did not .alter the 
degree nor time course of the splenic and thymic 
involution, x-ray toxicity appeared to be potentiated 
by pituitary' ablation. Forty-five % of 20 hv'poph- 
j'sectomized irradiated rats died 3 to 4 days after 
the exposure whereas none of the intact irradiated 
animals succumbed until 6 days after irradiation and 
there was only a 30% mortalitj' at 16 days. It remains 
to be determined whether the adrenals of the 7-<!.ay 
h\'poph3-sectomized rat do not respond to x-radiation 
because they' are generally less sensitive owing to 
removal of pituitary influence or because their stimu- 
lation after irradiation is mediated solely by the 
adrenotrophic hormone. 

Effect of explosive decompression on the iemperatuTC of 
the lungs. Edwtn G. Vail (by invitation) and 



474 


SOCIETY PROCEEDINGS 


Volume 755 


Fred A. Hitcjicock. Dept, of Phy.slology, Ohio 
State XJniv., Columbus. 

Experiments on explosive decompression conducted 
in this laboratorj', made it desirable to investigate 
lung temperatures. All e.xiicrimcnts were conducted 
on anesthetized dogs. Lung temperatures were 
measured with thermistors. A thermistor located in 
the trachea recorded the temperature of inspired and 
expired air. The temperature of expired air never 
reached the temiicraturc recorded in the deep lung. 
Measurements of temperature at various levels in 
the pulmonary tract gas’c a mean temperature in the 
trachea of 34.5°C, and in the deep lung of 37-7°C. At 
explosive decompression, tank temperatures were 
found to decrease an average of 2,o°C for all terminal 
pressures. The greatest drop occured in 0.2 seconds. 
Respiratory patterns showed many variations. The 
point in a respirator)'- cycle at which the explosion 
occured had a pronounced effect on the respirator)’ 
pattern. These effects may be due to an exaggerated 
stimulation of the Hering-Breuer reflex. The av'cragc 
temperature in the deep lung before explosive decom- 
pression was 39.o°C, and the average decrease for 
pressures lower than 220 mm. Hg was o.s'C. In all 
experiments following explosion to 30 mm. Hg the 
temperature in the trachea remained at a low level 
until rccomprcssion. The average decrease in tracheal 
temperature was S.S’C. Although attempted re- 
spiratory movements were observed in these animals 
no ventilation of the lungs occured. The temperature 
changes in the lungs occured in two phases. The first 
phase probably is due to the expanding lung gases, 
and the second to the vaporization of water. 

Diiraliofi of auli-secrelory action of enicrogastronc and 
iiTogaslrone in rats and a comparison of potency in 
rats ami dogs. F. E. Visscher am) M. I. Grosswax. 
The Upjohn Company, Kalamazoo, Mich., and 
Dept, of Clinical Science, Medical School, Univ. 
of Illinois, Chicago. 

The duration of anti-secretor)' action of preparations 
of enlerogastrone and urogastrone has been obseiwed 
in pyloric ligation rats. After a 40-hour fast, adult 
male rats under ether anesthesia were injected intra- 
venously. Groups of 6 to 8 rats were taken for pyloric 
ligation under ether anesthesia at different intervals 
after injection (zero hour, two hour, and four hour). 
The inhibitory ability of two samples of enterogastronc 
was greatest during the first two hours after injecrion; 
for two samples of urogastrone this action was greatest 
during the second two-hour period after injection. 
There was evidence of activity of both urogastrone 
and enterogastronc during the third two-hour period. 
The anti-secretorv' activity of six samples of entero- 


gaslronc has been compared in the rat and flog. A 
rat unit is the amount in mg. to inhibit by 50% the 
volume of gastric juice sccrcled by the pyloric ligation 
rat; secretion is measured during the first two hours 
after injection, and compared with uninjcctcd or 
gelatin injected controls. Values for 50% inhibition 
arc found by interpolation or extrapolation of figures 
for inhibition (determined in six or more rats at two 
or more dosage levels). In general, poor correlation 
was obtained between unitage in the dog and rat, 
although a dialysed enterogastronc preparation which 
was most active in the dog was also most active in the 
rat. 

Inferior caval and portal pressures in relation to the 
formation of ascites in the dog. Wade Volwilkr, 
J. H. Grts'di.ay, and J. L. Bollman. Division of 
Experimental Medicine, Mayo Foundation, 
Rochester, Minn. 

Pressures in the inferior vena cava and portal vein 
of the standing dog were measured with a water man- 
ometer attached to flexible polytlienc tubing previ- 
ously inserted into these veins at laparotomy. Data 
were obtained in 5 normal dogs and in 30 animals 
with previous ligations, constrictions, or anastomoses 
of the main venous channels around the liver. Ascites, 
marked hepatic congestion, and engorged hepatic 
lymphatics were regularly produced by the progressive 
constriction of the thoracic inferior vena cava from 
the fibrous reaction to a cellophane band. Most, 
but not all, of these dogs developed a marked h)'po- 
protcinemia with normal albumin-globulin ratio. 
Inferior caval and portal vein pressure readings in 
such animals, though elevated, were found to be no 
higher than in other 1)7205 of preparations wherein 
ascites did not occur. Anatomic studies were made 
of the venous collateral circulation. Attention is 
called to the anterior spinal veins as important col- 
laterals to the obstructed inferior vena cava in the 
transfer of blood from the lower ca-va to the az)'gos 
vein. By none of the operations upon the venous 
circulation was it possible to produce a marked portal 
hypertension comparable to that which has been 
reported as measured at the time of laparotomy in 
some human patients -with esophageal varices. 

Effects of intravenous histamine on the peripheral circu- 
lation in man. K. G. Wakhi, G. A. Peters, J. C. 
Terrier and Bayard T. Horton. Mayo Clinic 
and Mayo Foundation, Rochester, Minn. 

The effects of continuous intravenous administration 
of histamine diphosphate on skin temperature, blood 
pressure, heart rate and blood flow were studied on 
patients who were receiving the drug for therapeutic 
purposes. The drug was administered to each patient 
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in a solution of 1:250,000 in saline at successive rates 
of 0.004, o.ooS, 0.016 and 0.024 n^g. of histamine/min., 
respectively. The duration of infusion at each rate 
was 20 minutes. Control \-alues for skin temperatmes, 
heart rate, blood pressure and blood flow were estab- 
lished before the infusion of histamine was started, 
and the observations were repeated at regular intervals 
thereafter for each of the periods of infusion at each 
of the four infusion rales and for 5 to 15 minutes after 
the infuaon was stopped. The blood flow in all four 
extremities was determined bj- means of the venous 
occlusion plethysmograph with a compensating spirom- 
eter recorder. The cutaneous temperatures were 
recorded galvanometricallj- by means of skin thermo- 
couples applied to the forehead, to the skin over the 
right and left deltoid muscles, and over the right and 
left quadriceps femoris muscles. Histamine produced 
cutaneous vasodilatation which appeared first over 
the face and neck of the patient and gradually extended 
downward over the upper extremities and thorax, 
reaching the lower extremities only toward the end 
when the higher rates of infusion were used. There 
was a definite increase in skin temperature and in 
heart rate, and a slight decrease in diastolic blood 
pressure. The blood flow in the four extremities 
gradually increased in proportion to the dosage used, 
until at the highest rate of infusion of 0.024 mg. hista- 
mine/min. the average increase in blood flow over the 
control values was 245% in the left arm, 120% in the 
right arm, 76% in the left leg, and 28% in the right 
leg, respectively. However, five minutes after the 
infusion of histamine was stopped, the blood flow 
averaged only -1-46% in each of the arms and 4-40% 
in the left leg, and +14% in the right leg. The 
changes in skin temperature, blood flow, heart rate 
and blood pressure gradually subsided, and the values 
returned toward the control level shortly after stopping 
the infusion of histamine. 

An analysis of the cardiovascular ejects of the intra- 
venous infection of small volumes of hypertonic solutions 
in the anesthetized dog. William W. Walcott and 
Ingeith J. Deyrup (by invitation). Dept, of 
Physiology, College of Ph3'sicians and Surgeons, 
and Dept, of Zoology, Barnard College, Columbia 
. University, New York City. 

The marked but transient fall in blood pressure 
following the intravenous injection of hjqiertonic 
solutions in mammals has been ascribed by different 
investigators to cardiac weakening or, alternatively, to 
reduction in peripheral resistance {Am. J. Fhysiol. 15 1: 
516, 1947). We have noted that a characteristic 
diphasic fall in systemic arterial pressure follows the 
injection of 4 to 20 ml. of 5 to 20% NaCl or 50% glucose 


in normal, svanpathectomized or \'agotomi2:ed dogs 
(nembutal anesthesia), confirming the conclusion of 
other workers that the hj'potension is not reflex in 
origin. Heart rates varied slightlj- or were tmehanged, 
whereas the femoral arterial pulse pressure was de- 
creased in the first phase of hATiotension, and signifi- 
cantlj- increased in the second phase. Throughout 
both phases, pulmonarj' arterial pressure was slightlv- 
elevated or tmehanged, pulmonaxt' arterial pulse 
pressure was increased, and both central and pul- 
monaiy- venous pressures were somewhat elevated 
(membrane manometer records). These findings sug- 
gest that the first phase of fall in blood pressure mat' 
result from mj'ocardial weakening, rather than from 
decreased venous return or vasodilatation. Vasodila- 
tation must, however, pla3'- a part in the secondar3' fall 
in mean arterial pressure, when the femoral pulse 
pressture increases with unchanged or derated heart 
rate. It has been noted that a severe, single phase, 
rather than diphasic, h3'potensive response follows 
the intravenous injection of h3’pertonic solutions 
mixed with blood prior to injection. This phenomenon, 
which is being investigated further, ma3’ throw addi- 
tional light on the mechanism of the characteristic 
fall in blood pressure after injection of h3'pertonic 
solutions. 

Effect of lou) temperature on the mechanical response and 

action potential of rat muscle. Shepp.vrd hi. 

WiVLKER. Washington Univ. Sdiool of hledicine, 

St. Louis, Mo. 

Male rats were anesthetized with 300 mg. of Na 
barbital/kg. and placed in a cold room imtil the rectal 
temperature decreased to about 22°C. The ammals 
were removed from the cold room and the records were 
obtained from the gastrocnemius musde b3' the time 
the rectal temperature had increased to approximatd3* 
26°C. The ‘cooled’ musde showed a 50% increase of 
tension and about a 100% increase in contraction time 
and relaxation time orar the normal musde in response 
to single indirect stimuli. The deraloped tension 
resulting from 2 shocks with appropriate intervals was 
always more than double the developed tension of 
single responses in normal musde. On the other hand, 
the developed tension induced b3' 2 stimuli with similar 
intervals was usually’ about 50% greater than the 
tension developed after single shocks in ‘cooled’ musde. 
Tetanic stimulation at 125 stimuli/sec. for 0.2 sec. 
induced approximate^ equal development of tension 
in ‘cooled’ and in normal musde though the rising 
phase and the falling phase of the tension curve was 
longer in ‘cooled’ musde. The ‘cooled’ muscles showed 
only slight (less than 20%) increase of deraloped 
tension as a result of treppe in contrast to the 35 to 40% 
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increase seen in normal muscle similarly exercised. 
Exercise brought about a 300% increase of relaxation 
time and a slight decrease of contraction time of ‘cooled’ 
muscle. Similar exercise of normal muscle shortened 
both the contraction time and the relaxation time. 
Cooling under the condition of these experiments 
produced about too% increase of the duration of 
action potentials obtained with belly and tendon leads. 

JEJfccf 0/ Ihc lysozyme on the gastric mucosa. K. J. 
Wakg (by invitation) and M. I. Grossiian. Dept, 
of Clinical Science, Univ. of Illinois College of 
Medicine, Chicago. 

Acute experiments were carried out on fasting rats 
under nembutal. Series I: the rat’s stomadi was 
exposed for four to six hours to lysozyme, 2 mg/cc. 
in buffer pK 5.3. Out of six experiments, one rat 
showed ulcer, one erosion, and a third hemorrhage. 
In controls the stomach was exposed to buffer alone 
and no gross or microscopic changes occurred. Scries 
II: the mucosa was exposed to lysozyme in buffer 
and the solution changed every half hour for three 
hours, followed by 0.2% pepsin in 0.15 n HCl for three 
hours, changed every half hour. All showed peptic 
ulcers. Controls: one group treated successively with 
buffer followed by acid-pepsin showed no ulcers. A 
second control group, treated successively with ly- 
sozjTue in buffer followed by saline, showed slight 
erosion or hemorrhage. Series III: 0.15 n HCl and 
0.2% pepsin and lysozyme together caused some 
damage in all cases, but definitely less than was caused 
by the two enzymes in separate solution. Controls: 
the same acid-pepsin without 13’^sozyme, showed only 
slight change. Besides, the effect of lysozyme on 
dogs’ gastric mucosa has been observed in vitro by 
incubating tissue sections prepared by the freezing- 
drying method in lysozyme, hlost of the mucus in 
the surface epithelial cells showed vacuolization and 
the neck mucoid cells were poorly stained. Controls: 
sections incubated in buffer showed intensive stain of 
both the surface epithelial cells and the neck mucoid 
cells without vacuolization. It is concluded that the 
high concentration of lysozyme in buffer at pn 5.3 
produced erosion and hemorrhage in the gastric mucosa, 
and increased the injurious action of acid-pepsin. 

Sensitivity of the esophagus to the acid-pepsin action. 

Owen H. Wangensteen, Henei Sanchez and Y. 

Sako. Dept, of Surgery, Univ. of Minnesota, 

Minneapolis. 

The sensitivity of the esophagus to the action of 
gastric juice as compared to the sensitivity of the 
stomach and duodenum was studied. In rats, ligation 
of the duodenum close to the pylorus leads to ulceration 
of the esophagus and of the squamous portion of the 


stomach. These results seem to l>c enhanced by the 
added action of histamine. When food protects the 
stomach of the animal against ulceration, the esopha- 
gus might become damaged in some animals. In 
dogs, ligation of the duodenum close to the pylorus, 
plus daily injections of histamine, leads to esophagitis 
and /or perforation of the esophagus when the stomach 
is still grossly normal. That the distention produced 
by the ligation is not in itself the cause of the lesions 
was evident when tlic ruptured strength of esophagus, 
stomach and duodenum was tested on normal animals 
and after ligation. Continous drip of 0.1 Na HCl solu- 
tion or of gastric juice into the csoph.agus and stomach 
lead to ulceration and sometimes perforation of the 
esophagus while the stomach is still grossly normal. 

Motor responses of spatially transposed intestinal loops. 
D. H. Watkins (by invitation) and F, C. ?>Iann. 
Institute of Experimental Medicine, Mayo Founda- 
tion, Rochester, Minn. 

Exteriorized skin-covered loops of jejunum and ileum 
of dogs were studied in respect to their rate of rhythmic 
contractions and motor responses after feeding. The 
positions of the intestinal loops were tlien changed 
with respect to their distance from the pylorus. Loops 
which were originally high in the jejunum were trans- 
planted without interference with their blood and nerve 
supply to a position low in the ileum, and \dcc versa. 
Although this operation of intercalary transplantation 
of intestinal loops carries several inherent risks, several 
preparations have remained in good condition four 
years after operation. The rate of rhythmic contrac- 
tions in the transplanted loops was the same as in 
the original position minus one or two contractions/ 
min. It is an inherent property of the loop and docs 
not depend upon the relative position of the loop in 
the intestinal tract. The time of the motor response 
after feeding depends upon the relative position of 
the loop in relation to the remainder of the intestinal 
tract. The more orad the loop, the quicker does the 
motor response occur after feeding. These findings 
support the theory that following the ingestion of food, 
a wave of activity passes down the small intestine. 

Function of the pancreas of alloxan diabetic dogs studied 
by means of cross-circulation experiments. Haretet 
R. Weinstein (by invitation). Jay A. Smith (by 
invitation) and Piero P. Foa. Dept, of Physiology 
and Pharmacology, Chicago Medical School, Chicago. 
In a preceding note cross-circulation studies on 
insulin secretion were reported. It was found that 
after an intravenous injection of 20% glucose (5 cc/kg.) 
into a normal dog (d) connected with a recipient dog 
(B) through a pancreatic-femoral anastomosis, the blood 
sugar of B decreases sharply. THs was interpreted 
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as evidence of an increase in insulin secretion by the 
pancreas of dog A. When instead of normal animals, 
alloxan diabetic dogs are used as donors of pancreatic 
blood, the blood sugar of dog B increases instead of 
decreasing. If the alloxan diabetic donor and the 
recipient are connected through a mesenteric-femoral 
anastomosis the upper glycemia of B is much less 
pronounced and shorter lasting. The results indicate 
that the hyperglycemia observed in dog B is not due 
to the glucose injected into A and carried across the 
anastomosis, but is probably due to a hj'pergl3"cemic 
substance secreted by the alloxan resistant portion of 
the pancreas and similar to that found in most insulin 
preparations. The possibility that the pancreas might 
secrete a h>T)erglycemic substance is of great interest 
as it would explain why depancreatized dogs require 
less insulin than alloxan diabetic dogs and why a 
totally depancreatized man requires less insulin than 
patients with a moderately severe diabetes. 

Endocrine influences on renal function. H. L. White, 

Peter Heihbecker and Doris Rolf (by invitation) . 

Washington Univ. School of Medicine, St. Louis, Mo. 

We have previously reported that the depression 
of renal function following hj^iophysectom}' in the 
dog and manifested by striking falls in PAH, inulin 
and urea clearances and in PAH Tm and by a moderate 
rise in plasma ISTPN, with normal plasma Na and K 
levels, cannot be ascribed to thyroid or gonad regression 
due to loss of th3rrotrophic or gonadotrophic hormones. 
The question of loss of adrenotrophic hormone or of 
some further anterior lobe principle acting directly on 
the kidnej's or on tissues in general to produce increased 
renal activity was left unsettled. The present report 
presents evidence that the renal depression of hypophy- 
sectomj' is not due to loss of ACTH. First, adrenal 
replacement therapy with DCA pellets adequate to 
maintain the observed renal functions of adrenal- 
ectomized dogs at or near normal has no protective 
effect against the depression of these renal functions 
following hypophysectomy. Second, stimulation of 
the adrenal cortex of hypophj'sectomized dogs by 
ACTH does not improve renal function as it should if 
the depression were due principa% to adrenal defi- 
ciency. The inconstantly observed enhancing effects 
of ACTH on the renal functions of hypophysectomized 
dogs cannot be ascribed to adrenocortical stimulation, 
since such enhancing effects are also sometimes seen 
in adrenalectomized dogs._ Furthermore, large doses 
of whole adrenal cortical extract supplementing DCA 
pellets do not improve the renal functions of hypophy- 
sectomized dogs. It is concluded that the loss of 
some further anterior lobe principle, not thyrotrophic, 
gonadotrophic or adrenotrophic, is principally re- 
sponsible for the renal depression of hypophysectomj'. 


Use of capacitance changes for the study of the mechanical 
activity a>td output of the heart. WiLUAii V. White- 
horn AND Edward Perl (by invitation). Dept, of 
Physiology, Univ. of Illinois, College of Medicine, 
Chicago. 

The need of a technically simple method of estimating 
human cardiac output applicable to general clinical 
and laboratorj' use is evident. We have begun in- 
vestigations of the use of capacitance changes in a 
condenser field containing the heart for this purpose. 
Using an improved method described in a companion 
paper, we have now recorded some loo ‘cardiodielectro- 
grams’ (c.d.g.) on 30 essentially normal subjects. 
Recordings are technically easy, require a minimum of 
subject cooperation and yield a beat-to-beat record of 
cardiac activity. Outstanding difficulty ndth present 
apparatus is the necessity of suppressing respiration 
during recording. Simultaneous recording of phono- 
cardiograms permits interpretation in terms of events 
of the cardiac cycle. Records reveal a typical general 
pattern resembling classical cardiometer curves but 
differing from these particularly in the early and late 
phases of sj'stole probably because of movements of 
the heart and the presence of auricles and portions 
of the great vessels in the field. Consistent individual 
variations occur. Preliminar>' calibrations have given 
values for stroke volumes and cardiac indices com- 
patible with accepted ‘normal’ values, but conclusions 
as to validity await further determinations and simul- 
taneous comparisons with other methods. In addition 
to determinations of output, study of pattern of the 
c.d.g. in relation to cardiac disease suggests itself as a 
means of gaining information regarding mechanical 
activity of the heart comparable to knowledge of 
electrical activity obtainable from electrocardiograms. 

Influence of the extrinsic nerves on intestinal motility. 
R. M. Whitrock (by invitation), H. L. Tteche 
(by invitation), and M. H. Servers. Dept, of 
Pharmacolog}’-, Univ. of Michigan, Aim Arbor. 

The influence of those reflexes w'hich involve the 
extrinsic nerves controlling the motility of the small 
intestine of the dog was studied. The local stirhulus 
of balloon distention was used at various intestinal 
levels. Dogs were prepared in several different ways 
utilizing innervated and ‘denervated’ Thiry-Vella 
fistulae alone and in conjunction with jejunostomies 
and ileostomies. Spinal anesthesia was used to block 
functionally the sympathetic system at the cord. 
Recordings were made by the balloon-manometer 
method. The following observations ivere made; 

1) distention of the high jejunum, low jejunum and 
ileum produces inhibition at all small intestinal levels. 

2) The inhibition produced is a reflex effect of extrinsic 
sympathetic nerves. 3) The sympathetic effect is 
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purely inliibitory. The parasympathetic effect is 
purely stimulatory, markedly decreased after vagot- 
omy. 4) Sympathetic sensory afferents from the 
intestine to the cord do not synapse in the celiac 
ganglion but pass directly to their respective segmental 
levels in the cord. 5) Vagal afferent fibers do not 
appear to carry pain sensation; but rather, pain sensa- 
tion appears to reach higher sensory levels via the 
sympathetic system and the spinal cord. 

AsysioUc arlerid pressure gradient as a measure of 
changes of local peripheral resistance. Aukold H. 
WnniAMS AND Henry A. Schroeder. Dept, of 
Internal Jledicine and Oscar Johnson Institute, 
Washington Univ. School of Medicine, and Barnes 
Hospital, St. Louis, 2 ^Io. 

The total resistance to outflow from the arterial 
system is composed of a number of resistances in various 
portions of the body. It is of interest to know the 
territorial partition of resistance induced by vaso- 
active drugs and in altered circulatory states sucli as 
hypertension. The as3’stolic arterial pressure gradient 
is the curve of intra-arterial pressure fall following 
sudden occlusion of an artcrj* supplying a local circula- 
tion. To prove that the gradient is a measure of 
resistance simultaneous measurements of the gradient 
and blood flow were made in the femoral or brachial 
artery of dogs anesthetized with nembutal. Intra- 
arterial pressure was measured with the Hamilton 
manometer and flow by a rotameter while collateral 
blood flow was excluded by wire tourniquets. These 
gradients did not differ from those obtained under 
simpler conditions. The combined measurements of 
pressure and flow furnished an index of resistance with 
which the changes of the gradient could be correlated. 
A rough method of estimating resistance changes from 
. effective pressure 

the raUo — — was devised. The asystolic 

rate of flow w 

arterial pressure gradient parallels this index of resist- 
ance. Therefore the gradient can be used as a measure 
of resistance. The best method for quantitation 
that we have found is to measure the slope of the linear 
portion of the gradient, according to a modification of 
the Gomez formula for diastolic slope. 

Efeds of ryanodine on frog musde. J. H. Wn.ES and 
E. F. Murtha. Pharmacology Section, Medical 
Division, Army Chemical Center, Md. 

Ryanodine lowers the twitch height and alpha 
exdtabmty of isolated frog sartorii. Ringer’s solutions 
containing from 0.50 to 3.0 mg.% of alkaloid produced 
also a temporary decrease in the rest length. The 
effects on twitch height and rest length precede those 
on alpha excitability, suggesting that the excitable 


system in frog muscle is not the same as the one or 
ones concerned with mcdianical responses. The 
temporary decrease in rest length appears to involve 
the expenditure of energy, coinciding roughly m'tli a 
period of increased oxygen consumption. 

Influence of various levels of thiamine intake on maximum 
work output. Marjorie Wieson (by invitation), 
W. W. Tuttle and Kate Daitm (by invitation). 
Dcpls. of Physiology and Nutrition, State Univ. 
of Iowa, Iowa City. 

A group of 12 women ate a basic diet containing all 
nutritional requirements except thiamine. The basic 
diet contained not more than 140 meg. thiamine/day. 
During a fi-v.-eck control period aU subjects ate an 
adequate weighed diet as established by the Depart- 
ment of Nutrition. During a 6-wcek experimental 
period which immediately followed, 6 subjects ate the 
basic diet (140 meg. thiamine) and 6 subjects ate the 
supplemented basic diet (1340 meg. thiamine). During 
both periods measurements of maximum work output, 
a maximum effort one-minute ride on the bicycle 
ergomelcr, were taken. A comparison of the means 
shows no detrimental effects with respect to work 
output at the end of 45 days for those eating the low 
thiamine diet. Because the low thiamine diet pro- 
duced no change, a similar study was designed to 
extend over a 19-wcck period to determine if the ele- 
ment of time was important in the manifestation of 
thiamine defidenej* when work output is used as an 
index. Three levels of daily thiamine intake were 
established (200, 625, 1000 meg.) by supplementing a 
basic diet containing not more than 200 meg. thiamine. 
Three subjects were placed at each level. The subjects 
whose diet contained 200 meg. thiamine per daj' suffered 
a significant decrease in maximum work output at 
the end of 19 weclis. The data indicate that there 
were no significant changes in maximum work output 
for subjects at the 625 or 1000 meg. levels of thiamine 
intake. 

Normal oxygen saturation of human arterial blood during 
inhalation of air and oxygen. Earl H. Wood (with 
the technical assistance of Lucilee Cronin). 
Section on Phj’siologj*, Mayo Foundation, Rochester, 
Minn. 

Roughton and his co-workers (1944) reported that 
there was a sj’stcmatic error of approximately 2% in 
the determination of blood oxj'gen capadty by the 
tonometer method, and that this error could be avoided 
by use of a modification of the method described by 
Sendroj' for determination of blood oxygen capadty 
directly in the Van Slj’ke apparatus. Because of the 
error in the tonometer method, the average value of 
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95% for normal oxj'gen saturation of arterial blood, 
determined by the standard Van Slyke gasometric 
technic, ^vas 2 to 3% too low, and the resulting value 
of arterial pO^ calculated on this basis was approxi- 
mately 80 mm. Hg, instead of approaching the 
value of 100 mm. which would be expected if the al- 
veolar to arterial oxygen pressure gradient .were very 
small. These findings have been confirmed in several 
different laboratories by the use of different methods, 
and in this laboratory b3^ carr3'ing out simultaneous 
analyses on a series of blood samples bj' both the tonom- 
eter and Roughton technic. The average normal 
oxygen saturation of human arterial blood determined 
in 29 subjects by the technic of Roughton and his co- 
workers was 97.9 ± 0.3%. Arterial saturation was 
measured in 16 of these subjects by an m vivo equili- 
bration technic described by Comroe and Walker. 
An average value of 98.6 ± 0.4% was obtained. Oxy- 
gen saturation of arterial blood was determined in 20 
subjects during inhalation of oxygen. The average 
value of 99.1 ± 0.2% which was obtained indicates 
that there was a systematic error in the calculation of 
oxygen saturation of arterial blood under these cir- 
cumstances. It is believed that this error, as well as 
the difference in results obtained by die in vitro and 
in vivo equilibration technics, arise at least in part from 
the calculated correction for physically dissolved 
oxygen, assuming an insignificant alveolar-arterial 
oxygen tension difference. The data indicate that 
the average amount of physically dissolved oxygen 
during inhalation of oxygen was 1.83 ± 0.03 volumes 
%, as compared to 1.95 volumes % obtained by the 
conventional method of calculation. This difference 
is consistent with an alveolar-arterial oxygen tension 
difference during inhalation of oxygen of 40 ± 9 mm. 
and could be explained by assuming that approximately 
2% of the blood flow by-passed aerated alveoli. Ex- 
tensive gasometric calibration studies on the Millikan 
oximeter, a direct reading oximeter, and a whole-blood 
oximeter indicate tliat the relationship between the 
log of the galvanometer deflection and the oxygen 
saturation is nonlinear. Therefore, the determination 
of the increase in arterial saturation during inhalation 
of oxygen indicated by the oximeter on the standard 
ommeter scale cannot be used as an accurate indication 
of normal oxygen saturation of arterial blood. 

Redistribution of electrolytes {K*^, NA-^, P®*) following 
electroshock convulsions in rats. Dixon M. Wood- 
bury. Depts. of Pharmacology and Physiology, 
Dniv. of Utah College of Medicine, Salt Lake City. 
The rate of uptake and equilibrium concentrations 
of sodium, potassium and phosphorus by brain and 
other tissues were studied in control rats and at various 


intervals after production of maximal electroshock 
seizures. The half-times of uptake for brain were: 
Na 1.2 hours; K two half-times of approximately 2 and 
28 hours; and P two half-times of 0.5 and 70 hours. 
The brain sodium space (or presumptive extracellular 
space) at equilibrium was determined to be 30% of brain 
water. The calculated intracellular/extracellular ratios 
for brain were 28.2 for potassium and 1.77 for phospho- 
rus at 17 hours, but equilibrium was not complete in tbi«t 
period. Immediately following a convulsion there was 
a reduction of 8.0% in sodium space, which was largely 
corrected in 20 minutes. At the same time the in- 
tracellular/extracellular potassium ratio was reduced 
by 61%, largely corrected in 20 minutes. The potas- 
sium loss from brain cells occurred in spite of a 128% 
increase in extracellular potassium concentration. A 
more prolonged increase was found in total brain 
phosphate, but was associated with a decreased intra- 
cellular/extracellular ratio. Although similar changes 
in sodium space and phosphorus content were found 
in muscle, liver and spleen, the dramatic loss of po- 
tassium was specific for brain. The results suggest 
an increased peremeability of brain cells to potassium 
during seizures. Urine and plasma determinations 
of radioactive sodium give evidence that the hypo- 
thalamic-posterior pituitary system is activated to 
cause retention of water and increased sodium excre- 
tion for several hours after a seizure. 

Effect of diphcnylhydantoin on recovery of various 
central nervous functions follovuing maximal electro- 
shock seizures in cats. J. Walter Woodbury, Jesse 
S moNS, Robert Evans, Truman Y. Burton and 
James E. P. Toman. Depts. of Pharmacology and 
Physiology, Univ. of Utah School of Medicine, Salt 
Lake City. 

Duration of post-seizure depression of various cen- 
tral nervous functions mediated at several levels of 
integration was measured in ten cats subjected to supra- 
maximal electroshock stimulation. The recoveiy 
times in chronological order are tabulated below for 
31 control tonic-donic seizures in comparison with 33 
purely clonic seizures obtained after treatment with 
diphenylhydantoin 30 mg/kg. i.p. Diphenylhydan- 
toin treatment reduced the duration of depression of 
all functions studied. The effect was greater for high 
levels of integration. There was no significant change 
in order of recovery as a result of treatment. If dura- 
tion of depression is an index of intensity of previous 
convulsive activity, then the data suggest that di- 
phenylhydantoin acts at all levels of the central nerv- 
ous system to reduce the degree of discharge during 
maximal seizures. The results do not support the 
contention that tlie tonic phase of seizures arises at 
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■ subcortical levels or that diphcnylhydanloin has a 
..predominantly subcortical action. 

; TUtR TO PXCOVERV, TREATED, % 

SEC or 


I'UMcnoK 

CXINTROL 

trkated 

CONTROL 

TROCABtLlTY 

Knee jerk 

10.7 

b -3 

59 

0.06 

Pinna 

13-3 

12.9 

97 

0.2 

Comeal 

13-3 

8.5 

64 

0.001 — 

Normal resp.. . 

I 3 -S 

8.2 

61 

0.01 

Pupillary 

light 

18.3 

16.7 

91 

0.3 

Placing 

3 S -5 

26.7 

75 

0.001— 

Righting 

47-2 

26.5 

S6 

0-001 — 

Pain with- 

drawal 

53-3 

27.8 

52 

0.001 — 

Visual recog- 

nition 

61.7 

40.7 

66 

o.oor — 

Rage response 

to pain 

90.7 

68. 1 

75 

0.001 — 

• Normal loco- 

motion 

108.0 

73-3 

68 

0.001 — 


Ueating ejects of vticrowases with and udlliout ischemia. 
Ralph E. Worden, J. F. Hep.pjck, Khalil G. 
Wakim and Fpjwk H. Krusen. Section on Physi- 
cal Medicine, and Divisions of Experimental Medi- 
cine and Clinical Medicine, Mayo Foundation, 
Rochester, Minn. 

Before and after exposure to microwaves, a compara- 
tive study was made of the temperatures of the skin, 
subcutaneous tissue, superficial muscle, and deep 
muscle of the thigh of the dog with the circulation in- 
tact and after artificial ischemia produced by clamping 
the abdominal aorta. Temperatures produced by 
periods of 5-, 10-, 15- and 20-minute exposures were 
measured by means of thermistor and thermocouples. 
The tempierature rises in the ischemic tissues were 
slightly higher than in the normal tissues but were not 
considered significant after 5 or 10 minutes of exposure, 
nor was there any evidence of burning in the experi- 
ments performed at these shorter periods. After 15 
to 20 minutes of exposure, the increased temperatures 
in ischemic tissues were considered significant and out 
of II e.xperiments made after exposure for these longer 
periods, gross evidence of burning was noted in ten. 
There were several cases in which burning occurred 
at temperatures that were lower than was seen after 
exposure of tissues with intact circulation. Tem- 
peratures tolerated by normal tissues cannot be re- 
garded as the safe range of tolerance for ischemic tissues. 
Bony prominences were potential sites for formation of 
bleb. If an area containing blebs was allowed to cool 
to control level and again irradiated with microwaves, 
the temperature of the fluid in the blebs would rise 
to levels sigm'ficantly higher than the surrounding 


tissues. In addition to the preceding experiments, 
another aspect of this study was made with trained 
dogs in order to determine the optimal duration of 
c.xposure to microwaves. Periods of s, 10, 15, 20 and 
30 minutes were used. Of these various durations of 
c.xposure, the 20-minute period gave maximal heating. 

Slow potential changes in the illuminated frog eye. V. 

J. Wplef (introduced by F. R. Sxeogerda). Univ. 

of Illinois, Urbana. 

It has been often postulated that the electrical 
changes, which occur in a photoreceptor upon illumina- 
tion, are instrumental in activating the nervous struc- 
tures in the optic pathway. Investigation of the va- 
lidity of tills liypothesis has resulted in the following 
observations: i) In the grasshopper, the retinal elec- 
tric response begins a short time after the onset of the 
light stimulus. Tlie discharge of the optic ganglion 
begins a short lime after the onset of the retinal re- 
sponse. Both of these jieriods of delay varj' inversely 
with the intensity of the stimulating fight, when the 
exposure is constant, 2) In eye-optic nerve prepara- 
tions (multi-fiber) of Limulus, the horseshoe crab, 
similar observations were made. The results differ 
in one respect namely, that the inverse relation of the 
retinal-nerve interval (difference between onset of 
retinal and optic nerve discharge) does not hold for 
extremely low intensities of illumination. The mag- 
nitude of tills interval reaches a maximum at moderate 
intensities and decreases witli higher as well as lower 
intensities of illumination. 3) In the eyes of the frog 
it was observed that elevated potentials could be re- 
corded during prolonged periods of illumination. The 
magnitude of these prolonged potentials increased 
with increasing intensity of illumination. These ob- 
servations indicate that, in the frog eye, the initial 
transient changes are followed by a slow and persistent 
potential, perhaps analogous to Granit’s PI. 

These observations satisfy the following predictions 
of the hypothesis stated above: i) that the latenc>’ of 
the optic ganglion or optic nerve discharge should 
increase with decreasing magnitude of the retinal elec- 
tric response; 2) that the potential generated by the 
retina in response to illumination persists as long as the 
optic pathway conducts impulses. The latter pre- 
diction is apparently fulfilled in the frog eye. In 
Limulus, however, short but intense flashes of light 
produces a train of nerve impulse which considerably 
outlasts the retinal potential. 

The physiology of the adenosine triphosphatase of snahe 

venom. E. Albert Zeller. Dept, of Patholog>', 

Univ. of Basel, Basel, Switzerland. 

Many local reactions, caused by snake bite, can be 
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connected with well-definited enzymes of the poisons 
(E. A. Zeller, Advances in Enzymology 8:459-491, 
1948), but no clear-cut relationships have been estab- 
lished between the paralytic action of many venoms 
and their enzymes. Investigation of paralytic prin- 
ciples has revealed a powerful ATP-ase in the venoms 
of all 16 species of snakes hitherto investigated (as well 
as in scorpion and wasp venoms). The aclivity'^ varies 
from species to species, and reaches the highest values 
in the case of Bitis venoms (Qp = 4000), which are 
higher than in any other natural source. The heat- 
labile ATP-ase liberates one molecule of phosphoric 
acid from ATP. Gb'cine, veronal or borate solutions 
form suitable buffers {pK = 8.3). Magnesium, cobalt, 


manganese, and calcium activate the reaction, while- 
zinc, cadmium, mercury, copper and iron inhibit it. 
The enzyme is different from similar ATP-ases of 
vertebrate tissues. It has been shown by Dr. Ley'a. 
(Basel) that anaphylactic shock is followed by com- 
plete disappearance of the Kurloff-bodies from the- 
blood of guinea pigs. The same happens after the ad- 
ministration of Bitis venom. The addition of zinc 
(inhibitor) hinders this reaction, as I have shown im 
experiments performed with Dr. Leya. Thus the- 
ATP-ase of snake venoms seems to be related to the- 
symptoms of shock produced by snake bite. The- 
ATP-ase can be completely inhibited by homologous 
and heterologous antisnake-venom serums. 
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